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ABSTRACT 
The separation of oil in water dispersions is an important process, with research 
principally concentrating upon polymeric and ceramic filters where the filtration 
mechanism is predominantly by capture within the depth of the filter. This work 
utilises novel metal filters which possess a non-tortuous pore channel and so filter by 
a sieving mechanism. An evaluation of a variety of types of metal surface filters was 
conducted with a large proportion of the research focusing upon a filter possessing 
circular pores which open into a conical shape. Rejection of challenging emulsified 
oil droplets was solely by exclusion due to size at this pore. 
Enhancement of emulsion filtration was combined with the surface filters using a 
selection of rod and helical inserts within a tubular filter to modify the flow 
conditions; in the case of helical inserts to produce a centrifugal velocity upon the less 
dense oil droplets away from the filter surface. Further filtration enhancement was 
produced by air backflushing to alleviate fouling of the filter surface and electrolytic 
generation of bubbles to capture oil drops on bubbles. The latter method increased the 
overall feed size and should have increased the centrifugal separation by lowering 
particle or aggregate density. 
Research is also reported into the mechanism of rejection of emulsified oil droplets 
using filters with circular pores. The mechanism has been evaluated and shown to 
depend on the capillary pressure of deformable oil drops impinging upon the pore. A 
mathematical model is described, which predicts the deformation of drops using the 
physical properties of contact angle and interfacial tension combined with the 
properties of pore size, shape and droplet size. 
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CHAPTER ONE 
CHAPTER ONE: INTRODUCTION 
Emulsions are produced throughout industry, often as a product, such as cosmetics, 
paints and foodstuffs. However, they can frequently be produced as a waste stream, 
which under increasingly stringent environmental regulations cannot easily be 
discharged. Correspondingly treatment of these wastes is essential to remove or 
reduce the pollutants. This can have the added benefit of product recovery of valuable 
materials. 
A wide range of processes are available to treat emulsions ranging from a simple, but 
large, settling tank to the expensive but compact use of high speed centrifuges. 
Currently the use of filtration is under wide investigation- as it has the potential to be 
mechanically simple, compact, inexpensive and produce substantial waste reductions. 
Separation utilising filtration is an operation used widely in industrial applications. It 
is well understood for the removal of solid particulates from liquids with substantial 
research conducted. However the filtration of emulsions are much less well known, 
with research focusing predominantly upon sub-micron sized droplets using filters 
closer to ultrafiltration than microfiltration. Little research has focused upon the 
microfiltration of larger oil droplets in which the deformability of an oil drop has to be 
considered. 
The field of microfiltration has predominantly used filters that are classed as depth 
filters, that is they achieve filtration using a tortuous path through a layer of material 
whereby particulates are trapped within the filter. This can be irreversible with a 
corresponding permanent flux decay over time. Many filtration aids have been 
researched to prevent the internal fouling of depth filters however it is readily 
apparent that the optimum solution is to use a filter with a pore size such that 
particulates are rejected at the surface. Due to the nature of depth filters this can 
commonly produce a severe reduction in the attainable flux rate of the filter. An 
alternative method exists, that of a true surface filter. This type of filter is required to 
possess pores straight through the filter in the manner of a sieve with rejection 
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achieved only at the surface. 
This work investigates the use of a true surface filter, with comparisons to depth 
filtration. To achieve this a series of experiments were initially conducted with flat 
sheets of filtration material, one of perforated sheet design (Yeco), six woven meshes 
and one sintered fibre depth filter. Results from these experiments indicated that the 
perforated sheet filter was a true surface filter and was suitable for further work. 
The perforated sheet filter was formed into tubular elements, the most common filter 
type, and used in a large experimental rig to allow a series of experiments to be 
conducted with an identical challenge emulsion. This was combined with 
investigations into fouling alleviation measures using air backpulsing, electroflotation 
and filtration inserts. The latter predominantly involved investigations into the use of 
helical inserts. These were utilised as the action of a helical flow path is to induce a 
centrifugal motion upon the less dense oil drops which will to some degree offset 
motion towards a filter surface by flux. This results in a critical drop size being 
identified, which is when the velocity due to flux exerted upon a drop at the surface of 
the filter is equal to the imparted centrifugal velocity. 
During filtration it was determined that the deformation of droplets was important, as 
the permeate of a test always possessed droplet sizes significantly greater than the 
pore sIze. To achieve this a model was developed that describes the meniscus 
curvature of a droplet contacting a pore. This allowed filtration experiments to be 
modelled in terms of predicted oil rejection and permeate size distribution. 
The evaluation of emulsion concentration is generally a complex process, especially 
when two or more organic components are present. Commonly the methods involve 
total organic carbon measurement or extraction into an organic solvent. Neither 
method is satisfactory when organic surfactants are present in emulsions, as the 
concentration is often variable. A novel method was used during this work. This was 
to dope the emulsion with copper ions, chemically complexed to a carrier. With the 
correct emulsion chemistry identified, the copper proved to be an excellent measure of 
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oil concentration. 
This thesis is separated into nine major chapters and five appendices. What follows 
below is a brief description of each chapter and the reasons for, and key results of, the 
work performed. 
Chapter Two concerns the literature review for the field of emulsions and specifically 
for the process of filtration. This includes a review of a number of fouling alleviation 
methods which are covered within the experimental sections of this work and a study 
of the deformability of droplets and bubbles. 
Chapter Three details the experimental work with descriptions of all equipment used 
within this work, their operation and the experimental procedures used for each 
evaluation performed. 
Chapter Four contains the filtration theory and defines the methods of calculating the 
parameters describing filtration and experimental results. This section details the 
derivation of the parameters for flow within the filter and around the filtration inserts. 
This includes the channel velocity, channel Reynolds number, wall shear and the two 
factors for helical performance, the g-factor and the drop cut-off size assuming ideal 
helical motion. 
Chapter Five introduces the subject of emulsion deformation usmg the Young-
Laplace equation to describe droplet menisci when in contact with a pore. This is 
further expanded to describe the case of a droplet interacting with a tubular or conical 
pore shape and the pressure required to force a droplet through a pore, using 
modelling of a drop at any position within a pore (Appendix A gives the models). 
The analyses indicate that there exists a position of maximum pressure, the critical 
pressure, for each pore shape. Results from this analysis are presented in Chapter 
eight. The models were expanded further to model the performance of a filter. This 
incorporates both a pore and a drop size distribution with the results of filtration 
modelling expressed as a permeate size distribution and total oil rejection. 
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Chapter Six begins the process of reporting results by discussing experiments into 
emulsion and filter characterisation. The emulsion was researched in depth to identify 
suitable compositions, with practical measurement of its concentration and size 
distribution. A composition of kerosene stabilised by polyvinyl alcohol was identified 
as the optimum emulsion, with slow drop size reduction in use. This was combined 
with a chemical tracer to determine oil concentration and with the size determined by 
a Coulter Multisizer. Further emulsion characterisation was performed to determine 
the interfacial tension of the emulsion and the contact angle of an emulsified droplet, 
the latter using a novel method of determining the value for an emulsified droplet. 
Filter characterisations were conducted to determine the pore size distribution. The 
results of a number of methods are presented with selection dependent upon the filter 
type. Results of filter surface modifications are reported, with a Veco filter reduced to 
a mean pore size by flow of 3 flm. The pore shape of the perforated "Veco" filter is 
studied with the pore profile determined to be conical. 
Chapter Seven uses the filter characterisations of Chapter Six, with the filters 
described in Chapter Three. These are used in a number of filtration experiments of 
flat sheet and tubular filters. Results are analysed by the methods of Chapter Six and 
described using the theory developed in Chapter Four. The results are separated into 
two main sections describing flat sheet filters and tubular filters. 
The flat sheet filter evaluations were designed to identify a filter with properties 
suitable for further study. These were conducted to investigate different types of filter 
with perforated sheet, woven mesh and sintered fibre construction. This allowed 
comparisons of depth and surface filtration to be made. It was found that the 
perforated sheet filter produced the highest filtration performances of the surface 
filters, and close to those of the depth filter. lt was selected for further work as it was 
mechanically strong with a pore size and shape suitable for size reduction. 
Filtration with tubular filters were conducted as these are a common form of filter 
found industrially. The shape also allows a number of fouling alleviation methods to 
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be conducted. Research was conducted primarily into the use of helical inserts. 
These were utilised to impart a centrifugal motion upon the less dense oil drops to 
cause them to move away from the filter surface. For comparative purposes studies 
r 
were also conducted into rod inserts and no inserts at similar conditions and, where 
possible, experiments were conducted within a single pass of an emulsion to ensure 
challenge emulsion similarity. These studies indicated that an insert, irrespective of 
shape, will improve filtration performance. 
Limited evaluations were conducted to determine the relation of emulsion fouling to 
the fluid flow regime within the filter. It will be shown that neither the Reynolds 
number nor the velocity is a good indicator of fouling. Further it will be shown that a 
relation appears to exist between the wall shear and the onset of fouling with the value 
also related to emulsion feed size and permeate fluxrate. 
Fouling is a major problem for filtration and a number of anti-fouling methods were 
investigated in Chapter Seven. This included electroflotation and air backflushing, 
both of which can utilise aspects of the filter and inserts considered. Electroflotation 
uses the inserts to produce bubbles through electrolysis, which given suitable 
emulsion chemistry can attach to oil drops. This increases the overall challenge 
"particle" size and lowers the overall density considerably. Thus a helical insert will 
impart greater centrifugal force on agglomerates. Air backflushing is suited to the 
Veco filter due to the conical shape of the pores. This was investigated as the pores 
are considered to be self cleaning with a small force sufficient to remove drops 
plugging the pores. 
Experimental investigations are continued in Chapter Eight where the exact nature of 
oil drops passing through pores are considered. This section uses the theory of oil 
droplet deformation proposed in Chapter Five for tubular and conical pore shapes to 
model filtration using Nuciepore and Veco filters. The results of prediction of oil 
rejection and permeate size distribution are presented, with the model examined for 
the principal factors defining the filtration results. It is shown that the main factor is 
the filter pore size, with emulsion physical properties of little importance. 
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Comparisons between tubular and conical pore shapes are presented with data 
indicating tubular pores reject emulsion drops slightly more efficiently than conical 
pores. It is further shown that the orientation of the pore is important with the reverse 
orientation of the Veco filter (i.e. open side to flow) giving superior performance to 
the normal orientation in a number of filtration parameters. 
Finally the conclusions and recommendations for future work are presented III 
Chapter Nine. 
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CHAPTER TWO 
2. LITERATURE REVIEW 
2.1 EMULSIONS 
2.1.1 Introduction 
An emulsion is a mixture of two immiscible liquids mixed intimately together such 
that one phase is continuous whilst the other is dispersed in the first. The dispersed 
phase is present, in the absence of external forces, as spherical drops, whose 
dimension are defined by the degree of work used in producing the emulsion. For 
example, if an emulsion is manufactured with an egg whisk then the droplets will 
have sizes near to millimetres, whilst if an homogeniser is used at high pressure, with 
a very fine annulus, then emulsions with sub micron sizes will be produced. 
A good way to visualise the structure of an emulsion can be seen in the manufacture 
of mayonnaise. This consists of two main constituents, oil and vinegar, which are 
well known to be immiscible and when mixed together will split apart within seconds. 
However when these two components are combined with egg, which contains 
quantities of chemicals known to have surface active properties (egg albumin has been 
known for centuries to do this) an emulsion is stabilised. The egg is immiscible in the 
oil, so the emulsion is started by mixing the egg with the vinegar. Once done the oil 
can be added and emulsified by mechanical agitation. When complete the 
mayonnaise is known to last for years without splitting into oil and vinegar phases. 
Emulsions have become a daily part of life, breakfast would not be complete without 
milk, a dispersion of fats in water, or butter, a dispersion of water in fats. This 
continues throughout a common household, with emulsions such as ice cream, water 
based paint, polish, cosmetics and many others made up of oils dispersed in aqueous 
media. In industry many emulsion products are used in the textile, food, metal 
processing and petroleum industries. This last industry produces millions of tons of 
emulsions every year at oil wells world-wide with emulsions resulting from almost 
every stage of operation (Schramm, 1996). It is therefore of vital importance to study 
emulsions to enable a better understanding of how to combine, separate or stabilise 
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emulsions. 
The field of emulsion technology is described in the seminal work of Paul Becher 
(1967) in Emulsions: Theory and Practice, with a major re-write of this text in three 
parts in Becher (1983), Becher (1985) and Becher (1988). It is still the main text in 
the field after thirty years. The best description of an emulsion is by Becher (1967), 
who said an emulsion is only stable when it is broken. From a study of the 
thermodynamics of the system this is readily apparent, with the emulsion prone to 
creaming (rising to the surface), aggregation (droplets sticking together) and 
coalescence (droplets combining). A mixture of two pure immiscible liquids will not 
form a stable emulsion, however the time before it splits apart again can be 
substantial, especially for very fine emulsions. To gain stability it is essential for a 
third component, a stabiliser, to be present. This can be finely divided solids (Davies, 
1963), but is more typically a surface-active agent, surfactant, which is miscible in 
one phase and forms some form of interaction with the second phase. In-depth 
analyses of surfactants are presented in Section 2.2, with a precis in the next 
paragraph. 
A surfactant is a substance that thermodynamically has a predisposition to be at the 
interface, and so will concentrate there. It is formed of a two group structure, 
typically with one group hydrophobic and one hydrophilic. This results in the 
surfactant orientating itself and interacting with the two phases. Simplistically it can 
be considered to be an adhesive between the phases, with the effect of binding them 
together and inducing stability. At this interface it modifies the surface properties and 
typically considerably reduces the surface tension. 
2.1.2 Theory 
Emulsion characterisation is necessary to define the bulk properties of the system 
(Mikula, 1992). The characteristics to be evaluated are as follows. 
• Type. 
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• Droplet size. 
• Stability. 
• Interfacial characteristics. 
The type of the emulsion describes which liquid is dispersed, which is continuous and 
whether a multiple emulsion of drops in drops occurs. The type of emulsion can be 
further defined by the size of the droplets with the classifications of macro, mini and 
micro emulsions used as the size reduces. The characteristic typically most important 
is that of stability. This is a function of how the emulsion behaves with time and the 
rate at which it begins to cream (floats to the surface), agglomerates or coalesces. 
Finally the last primary characteristic is the interfacial properties, and how they cause 
the stability, or lack of it. These include interfacial tension, contact angle, and droplet 
deformability. 
2.1.2.1 Emulsion type 
Figure 2.1 shows the three types of emulsion possible when two liquid phases are 
mixed together. These are oil in water (O/W), water in oil (W 10) and multiple 
emulsions. The first is simply dispersed droplets of oil in a continuous phase of 
water, whilst the second is the exact opposite, and both are called binary emulsions. 
They can exist with dispersed concentrations many times greater than the continuous, 
e.g. in emulsion polymerisation systems, but are normally found with the dispersed 
being a small fraction of the continuous as this is more thermodynamically stable. 
The third is a mixture of the two binary phase emulsions and consists of drops of one 
phase dispersed in large drops of a second phase, which is in turn dispersed in the first 
phase. This is not as common as the two binary emulsions as the thermodynamics of 
the system will always tend to force the drops in drops to coalesce and join the 
continuous phase given sufficient time. 
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Figure 2.1: Oil in water, water in oil and a multiple emulsion 
of water drops inside an oil drop inside a 
continuous water phase. 
2.1.2.2 Drop/et size 
An emulsion system can be defined by two descriptors. These are the size and which 
phase is continuous. The droplet size of an emulsion falls into one of three groups. 
Above'" 0.4 ~m the emulsion is called a macro-emulsion and is opaque. Below", 0.1 
~m it is a micro-emulsion and is transparent. Often this is called a colloidal emulsion, 
soluble oil or a micellar emulsion. Somewhere between these are mini-emulsions 
with a blue-white colour. The main difference between the types is the work required 
to produce an emulsion of each type. It is typically easy to produce a macro-
emulsion, but requires much work with homogenisers to produce a mini-emulsion 
(Rosen, 1989). This does not follow for micro emulsions which are a special form of 
emulsion and exist when a blend of surfactants reduce the interfacial tension to near 
zero levels. On mixing, the two phases will spontaneously emulsify with drops of 
nanometre size. Thermodynamically these emulsions are considered to be stable as 
they are unlikely to separate on standing or with centrifugation. 
Macro-emulsions of a pure oil in pure water will separate out again within a matter of 
minutes, whilst mini-emulsions may need only a few hours or days. Only the finest of 
emulsions of these types are stable for any length of time. Thus if a large emulsion 
size needs to be stabilised then an additive must be used to modify the interfacial 
properties of the system. There are two ways to achieve this, either a surfactant or 
fine solid is needed which will alter the interface and produce interactions between the 
oil and water phases. 
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2.1.2.3 Stability 
The stability of all emulsions is judged against three processes, creaming, aggregation 
and coalescence. Creaming is analogous to sedimentation, but applies for dispersed 
droplets less dense than the continuous phase which rise at a rate proportional to the 
density difference. Aggregation, often also called flocculation or coagulation, occurs 
when droplets clump together, touching only at certain points. Coalescence is when 
two drops come together to form a single larger drop. 
Creaming is a phenomenon originally identified in milk, where the larger cream drops 
slowly rise to the top of the bottle. This is identical to sedimentation except for the 
orientation being reversed and mathematically the creaming velocity, u, can be 
described by Stokes law, Equation 2.1, which uses the density difference, Pw - Po, the 
viscosity of the system, 11, and the droplet radius, r. The rate of creaming increases 
with drop size indicating that the most stable emulsion in terms of low creaming are 
those with a very fine size. What this means industrially is that any coarse emulsion 
that is not continually mixed will cream, with the droplets concentrating at the 
surface. 
u=2gr}(pw-pJ 
911 
Equation 2.1 
The phenomenon of creaming brings droplets into close proximity as they collect at 
the surface. This aids the other instability processes of aggregation and coalescence 
Aggregation occurs when the droplets come into sufficiently close proximity so that 
the attractive forces become relevant. When these exceed the repulsive forces two 
drops will attach to one another forming an aggregate. 
For coalescence the same initial process occurs but is followed by deformation of the 
contact area between the drops. At some degree of deformation the interfacial 
properties are such that the contents of the two droplets come into contact and the 
droplets contents combine. 
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The main cause of repulsive forces between droplets is electrostatic repulsion of like 
charged droplets, and to some degree the steric stabilisation of a droplet by surface 
films that are thicker than the distance over which the strong attractive forces can 
work. The main attractive force is van der Waals attraction (Schramm, 1992) which is 
considerable but fortunately works over a distance of a few Angstroms at best. 
The main properties that hinder both aggregation and coalescence are as follows. 
• Low interfacial tension: Creates 'adhesion' between phases. 
• Mechanically strong film: To resist deformation of the interface. This can 
be aided by the surfactant properties to produce high interfacial tensions. 
• Strong electrical double layer repulsion (Zeta potential): This resists 
droplet contact typically by droplets having negative charges. 
• Low dispersed phase volume: This reduces the frequency of collisions. 
• Small drop size: Small drops are more resistant to deformation and cream 
at lower rates. 
To inhibit aggregation and coalescence the interfacial film properties can be selected 
to cause mutual repulsion and with the correct choice of surfactant will produce strong 
bonds with the surrounding water molecules through lowering the interfacial tension. 
Essentially they prevent drops coming close enough to coalesce. Without the 
presence of surface active agents at the interface the droplets will typically coalesce 
and cream at high rates, leading to complete demulsification in a short time. 
Surfactants inhibit the rate of these effects and although they cannot eliminate them 
the time scale over which they are relevant can be substantial (Schramm, 1992). This 
time scale is often chosen to be operation specific and can be from a few minutes to a 
few years. 
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2.1.2.4 Interfacial characteristics 
The characteristics of emulsion droplet interfaces IS important to describe the 
deformability of this interface and its interaction with solid surfaces. These 
characteristics are numerically described by the interfacial tension and the contact 
angle of the emulsified droplet on a specific surface. Full descriptions of these are 
found in Sections 2.3 and 2.4. 
2.2 SURF ACT ANTS 
2.2.1 Introduction 
Stabilising particulates and emulsions is an important subject in the field of colloid 
science, with applications in suspensions, emulsions, foams and many other colloidal 
systems. Modem science has studied stabilisers in depth where they are known as 
surfactants. The term surfactant is a contraction of surface-active agent and is used to 
describe a substance that when added to a system has a predisposition to be at the 
interface between two phases. The effect of surfactants on the bulk properties of the 
system is small when the interface is a small fraction of the system and greatest when 
the surface area is large compared to the volume, so that the bulk of the continuous 
phase is at an interface. For example, emulsions, foams and suspensions have this 
trait. 
The use of stabilisers has been known for thousands of years with the production of 
ink from carbon black and organic stabilisers dating back to ancient Egypt and China. 
Originally uses of stabilisers were based upon ingredients obtained from natural 
sources such as egg albumin, casein from milk and gum arabic. Currently the art of 
surfactant selection is widely known with a substantial choice available. The most 
well known example of a surfactant stabilised system is that of milk, which is just a 
suspension of fat globules, as a fine emulsion, stabilised by the proteins in the milk. 
Current uses of surfactants centre on stabilising solids and liquids within a liquid 
medium. A subject of recent interest in the last decade has been the use of surfactants 
to stabilise organic emulsions in aqueous media for paints, pharmaceuticals and 
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lubricants which heavily reduces organic solvent usage, improves the environmental 
aspects of the product and in the case of pharmaceuticals allows a wider range of 
usage (Hunter, 1987). 
Stabilisation of a colloidal system must overcome the van der Waals attraction in the 
system. Typically for colloidal particles Hunter (1987) estimates that the attraction 
forces to extend over a distance of a few nanometres from the colloid surface. The 
choice of surfactant system must operate over at least this distance to impart stability. 
Generally, two methods are used to induce colloidal stability, electrostatic 
stabilisation by ionic species in solution and steric stabilisation by adsorbed polymers 
at the interface. The first relies on the Coulombic interactions between the electrical 
double layers of the colloid which is easily larger than a few nanometres at low ionic 
concentration. The latter method relies on the ability of a polymeric layer to form a 
thick interfacial layer. Hunter (1987) quotes spatial extension of the interface of 20 
nm for a 100,000 MW non-ionic polymer, and 30 nm for an ionic electrolyte solution 
of 10-4 mol dm·'. Some polymers may be poly-electrolytes such that they stabilise 
colloidal systems by both methods. This is called electrosteric stabilisation and will 
be significantly more effective than steric stabilisation alone. 
2.2.2 Theory 
The theory of surfactants is presented in abbreviated form with specific references 
predominantly considering an oil-water emulsion system. Where solvent is 
mentioned this refers to an aqueous phase, normally with an aqueous surfactant 
dissolved in it. The use of polymeric surfactants is detailed in Section 2.2.2.2 with 
specific references towards the system used within this work, that of polyvinyl alcohol 
and water. 
2.2.2.1 SlIrfactants in general 
Surfactants structures consist of two distinct groups. There is a group with little liking 
for aqueous liquids, hydrophobic, and a group with strong attraction for aqueous 
liquids, hydrophilic and this is usually represented as a long tail and large head. Once 
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this is present in water the hydrophobic structure distorts the solvent structure by its 
presence, Rosen (1989), and increases the free energy of the system. Because of this 
energy change the surfactant requires less energy to move to the interface than do the 
bulk water molecules, and so the surfactant concentrates at the surface. Once there it 
lowers the free energy of the surface making it easier to create new surface and 
arranges itself with the hydrophobic part partially or completely expelled from the 
liquid surface. However the surfactant cannot completely leave the surface and create 
a second phase because of the hydrophilic part of its structure. This strongly binds to 
the solvent and would have to be dehydrated to remove it. The net result of the two 
part structure of the surfactant is to cause concentration and alignment of the 
surfactant molecules at the solvent's surface (Becher, 1965). 
The hydrophobic group of a surfactant is usually a long chain hydrocarbon and can 
occasionally be halogenated or oxygenated. Whilst the hydrophilic group is typically 
ionic or a highly polar group with an alkyl backbone. The surfactants can be split into 
four main classes depending on the chemical structure of the molecule, with the 
choice depending on the system and its conditions. 
Anionic. The hydrophilic part possesses a negative charge. Typical examples 
are salts of carboxylic acids such as sodium stearate and most soaps. 
Cationic. The hydrophilic part possesses a positive charge. Typically amine 
salts such as ammonium chloride. 
Zwitterionic. Both positive and negative charges are present in the hydrophilic 
group. Examples are amino acids with separate amine and carboxylic salts. 
Non-ionic. No apparent ionic charge is present on the hydrophilic head. 
Typical examples are fatty acids and fatty alcohols. 
Each type has its own specific uses and optimum conditions. However the type of 
surfactant can be chosen so as to modify the surface properties of the colloid through 
varying the group that binds to the colloid and the group in the solvent. Effects 
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produced in this way include making the colloid hydro-phobic or -phillic and 
changing the charge of the system. 
A liquid-liquid system with surfactant at the interface can be considerably different 
from a liquid-air system, especially when the two phases are water and oil. Normally 
a surfactant at a surface orientates itself so that part of the hydrophobic tail is in the 
vapour, however when the oil is present it is strongly attracted to it. The net result is a 
surfactant strongly oriented and strongly bound between the two phases. 
2.2.2.2 Polymeric surjactants 
All of the above types of surfactants stabilise systems because they consist of two 
distinct and separate groups and can orientate themselves at the interface. There is 
another form of stabilisation, that of steric stabilisation by polymeric surfactants 
(Tadros & Vincent, 1983). Typically these are non-ionic, such as polyvinyl alcohol, 
polyoxyethylene or polyacrylamide and consist of a small polymerised monomer with 
both the hydrophilic and hydrophobic group. For the three examples the monomers 
would be ethanol, ethanal and propenoic acid, and because of the close proximity of 
the hydrophilic and hydrophobic groups they cannot behave in the manner of the 
surfactants described previously. Typically this polymer chain will not solely consist 
of the monomer, but will consist of copolymers, which are produced during 
manufacture. As a typical example polyvinyl alcohol is manufactured from polyvinyl 
acetate, PV Ac, and within the PV A chain there will be un-reacted vinyl acetate 
groups, copolymers. The polymer will then consist of n groups of vinyl alcohol and 
m groups of PV Ac, Figure 2.2, where the fraction of vinyl alcohol groups is given by 
the degree of hydrolysis of the PV A. Commercially PV A is sold predominantly with 
either an 88 % or 98.5 % number fraction of vinyl alcohol groups. 
The structure of the PV A molecule is complex and cannot be predicted. The two 
monomers illustrated above will be present throughout the polymer with a complete 
randomness as to their position. In addition there will be a degree of branching of the 
chain and a proportion of 1, 2-diol in the chain (Lankveld & Lyklema, 1972). 
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Generally we can consider the polymer to consist of vinyl alcohol with interspersed 
vinyl acetate groups, where the latter has a greater affinity for the oil than the alcohol 
group. 
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Figure 2.2: Polyvinyl acetate and polyvinyl alcohol group. 
Polymeric surfactants work by adsorbing onto a surface as a result of Coulombic 
charge interaction, dipole-dipole interactions, hydrogen bonding, van der Waals 
interaction or some combination of these. For the purposes of this work the first three 
can be ignored as we are primarily concerned with polymers binding to organic 
liquids. Once parts of a chain are adsorbed the hydrophilic portion forms links to the 
solvent predominantly by hydrogen bonding, but can also be by any of the interactions 
mentioned earlier in this paragraph. A typical sterically stabilised droplet is shown in 
Figure 2.3 with the polymeric layer greatly magnified. This layer strongly inhibits 
droplet-droplet contact and so resists coalescence, Becher (1983). 
Figure 2.3: Sterically stabilised oil droplet, with the 
polymeric surfactant shown greatly magnified in 
relation to the drop. 
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To achieve a form of equilibrium the polymer must strike a balance between 
interaction with the solvent and the oil. The typical result is that the polymer adsorbs 
to various points on the surface of the oil, whilst the remainder trails in the solvent. 
This is slightly different when copolymers are present which are predominantly 
hydrophobic. In the example of polyvinyl alcohol the polyvinyl acetate groups can 
intrude into the oil phase whilst the PV A groups around it are prevented from 
following by the hydrogen bonding of the PV A. The surface adsorption IS as 
illustrated in Figure 2.4, with trains of polymer adsorbed to the oil, loops of the 
polymer trailing into the solvent and the ends of the polymer free to form tails in the 
solvent. The intrusion of copolymers into the oil is shown in Figure 2.5, where the 
PV Ac is shown forming loops into the oil phase. It is possible for these tails and 
loops of one droplet to interact with those of another to form bridges. The combined 
effects of the adsorption and loop interaction by the polymers generally causes the 
interface to be highly surface active (Lankveld & Lyklema, 1972). 
! 
Loops 
,/ \ 
• 
! ! 
Oil phase 
Figure 2.4: Polymer surfactant adsorbed on the surface of an 
oil droplet. 
Tail 
The adsorption of a polymer onto an interface is irreversible, Tadros & Vincent 
(1983), however the adsorption of the segments is considered to be reversible 
provided that a thermodynamic equilibrium is maintained by other segments 
adsorbing/desorbing. The interfacial tension of an emulsified droplet is defined by the 
number of adsorbed segments, their free energy and the average loop lengths in both 
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phases. It is somewhat time dependent, Lankveld & Lyklema (1972), although it is 
relatively constant after approximately 4 hours with lower concentrations and higher 
molecular weight polymers affected the worst. The time dependence is a combination 
of diffusion of polymer from the bulk onto the interface and reconformation of the 
adsorbed segments. The latter effect occurs as the chain moves to some equilibrium 
position where the hydrophobic acetate groups tend to be adsorbed to the interface, 
whilst the hydrophilic hydroxyl groups form loops into the aqueous phase. 
Oil 
Loops 
Tail 
Water 
Figure 2.5: Polymeric surfactant with copolymer intruding 
into the oil phase. 
Typically the layer formed by the surfactant is such that it extends out from the oil 
surface to a distance greater than the distance over which van der Waals attraction is 
effective, preventing this force from drawing droplets together, thus giving steric 
stabilisation. This combines with the electrostatic forces (zeta potential) of mutually 
charged droplets to impart emulsion stability (Hunter, 1987). 
2.3 SURFACE AND INTERFACIAL TENSION 
2.3.1 Introduction 
It is commonly known that the surface of a liquid appears to have a skin that behaves 
in an elastic manner (Davies, 1963). Generally it can be thought of as an elastic film 
that deforms with applied stress and resists both deformation and rupture. This 
phenomenon is known as surface tension and is caused by intermolecular interactions. 
Within the bulk of a liquid the interactions are spherically symmetrical because each 
drop is surrounded by other drops and so there is no net force. However in the 
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surface layer the drop is partially in contact with another medium and so the forces are 
not balanced out, and free energy exists at the surface layer. This energy allows 
interactions with further surface molecules to be stronger than within the bulk and 
thus produce the effect of an elastic film. 
The surface tension between two immiscible liquids is known as the interfacial 
tension and is a measure of the elasticity of the film layer between the two. 
Essentially as the interfacial tension rises the droplet becomes more resistant to 
external forces and can be considered to be more rigid. This is of special interest in 
capillarity where the surface tension strongly affects the equilibrium shape of a 
suspended drop in a capillary and correspondingly affects whether the droplet can 
deform into a pore. 
2.3.2 Theory 
The surface or interfacial tension between two fluids is referred to as the free energy 
per unit of interfacial area, and as such is a measure of the forces between adjacent 
surface molecules (Adamson, 1982). The higher its value the stronger these forces are 
and the harder it is to move the interface. For a droplet of one liquid in another this 
effect will cause the droplet to become perfectly spherical in the absence of external 
forces. 
Interfacial tension is commonly applied to the interface between two liquids and 
applies at the liquid-liquid interface of an emulsion. The value of this is determined 
experimentally as no satisfactory calculation method is available, especially when a 
third component is also present. This can strongly change interfacial tension, so that 
when a surfactant is used at an oil-water interface the interfacial tension can be 
reduced almost to zero. At this point the two phases become completely miscible, 
Davies (1963). 
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Table 2.1: Common methods of surface and interfacial tension 
measurements from Hunter (1993). 
Method Parameter measured Usability 
Sessile drop Drop profiles. Height All liquids and solutions. Can be 
profile and width. applied for drops in second liquid 
Capillary height Rise height of liquid in Not practical for non zero contact 
capillary. angle. Needs corrections for 
interfacial tension. 
Wilhelmly plate Force to remove a plate Very good for all liquids. Not for 
from a bath of liquid interfacial tension. 
du NoUy ring Force required to pull a When lower liquid preferentially 
ring through the interface wets the ring. 
Maximum Pressure required to Hard to operate. Not for 
bubble pressure blow a bubble in the interfacial tension. 
fluid. 
2.3.3 Methods of measurement 
There are a wide variety of methods for surface and interfacial tension, with varying 
degrees of applicability, see Table 2.1. The method of primary interest to this work is 
the ring method of du NoUy. This utilises a ring of fixed dimensions which is 
attached to an accurate micro-balance and is pulled through the interface of the two 
fluids until it detaches. The force at the detachment point, W"t, is equal to the weight 
of the ring, W ri"g' plus the weight due to the surface tension. This is only a first 
approximation and can be empirically corrected with very good accuracy by Equation 
2.3. The correction factor f, is related to two dimension less ratios where p is the 
surface tension of Equation 2.2. The variables of this are the ring inside diameter, R, 
the ring width, r, and the V is the meniscus volume. 
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Figure 2.6: Du Noiiy ring as it is pulled upwards through the 
interface of two fluids. 
Equation 2.2 
Equation 2.3 
The method can be fully automated in a tensiometer and will provide very accurate 
results when the ring is flat. A platinum ring is used when the lower liquid 
preferentially wets the ring. This is the case for any oil on the surface of water. Some 
surface and interfacial tensions of common hydrocarbons are presented below in 
Table 2.2. 
2.4 CONTACT ANGLE 
2.4.1 Introduction 
Contact angles are the angle of the contact of a fluid-fluid interface upon a solid 
surface. The simplest case to visualise is a droplet of rain on a flat surface. It can be 
easily observed that a discrete droplet is formed and that the sides of the droplet are 
highly curved so that the curvature when it touches the solid surface forms a distinct 
angle. This is the contact angle as illustrated in Figure 2.7. 
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Table 2.2: Interfacial tensions of some common Hydrocarbons. 
All at 20° C unless otherwise stated. 
Fluid I Fluid 2 Interfacial tension Reference 
(dyne cmol ) 
n-Hexane Air 18.43 Davies (J 963) 
Heptane Air 20.14 Adamson (1982) 
Octane Air 21.62 Adamson (1982) 
n-Octane Air 21.8 Davies (1963) 
n-Hexane Water 51.0 Davies (1963) 
n-Heptane Water 50.2 Adamson (1982) 
n-Octane Water 50.8 Davies (1963) 
Dodecane Water 53.77 Hunter (1987) 
Hexadecane Water 35.00 Hunter (1987) 
n-Pentanol Water 4.4 (25°C) Davies (1963) 
n-Hexanol Water 6.8 (25°C) Davies (1963) 
n-Octanol Water 8.5 Weast (1979) 
Figure 2.7: Droplet of rain on a solid surface forming a 
contact angle of 8. 
This contact angle forms between liquid-solid interfaces due to intermolecular 
interactions between the liquid molecules and the surface of the solid. Simply put, a 
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liquid that wets a surface does so because the liquid-solid adhesion forces are greater 
than the liquid-liquid cohesion forces and so it preferentially wets the surface rather 
than remaining as a non contacting drop (Davies, 1963). The reverse is also true so 
that a liquid with higher liquid-liquid cohesiveness than liquid-solid adhesive 
interactions will preferentially remain as a drop and wet the solid poorly. In both 
cases the greater the magnitude between the forces then the greater the wetting or non-
wetting will be, and so this defines the magnitude of the contact angle. 
2.4.2 Theory 
The intennolecular interactions are governed by a range of forces including hydrogen 
bonding (in water), induced dipoles, van der Waals forces and ionic forces in the 
liquid and solid surfaces. An important indicator of these can be obtained from the 
surface tension of the pure fluids, and can be used to detennine the contact angle of a 
droplet on a solid surface (Adamson, 1982). In general it is found that liquids of low 
surface tension wet most solid surfaces, whilst those with high surface tensions 
usually give a finite contact angle, Walsh (1989). A mathematical description can be 
produced from an analysis of the forces acting at the contact point. The geometry of 
Figure 2.8 describes the system in which the surface tension forces due to fluid-fluid 
and fluid-solid interactions occur. This can be described by Young's equation, 
Equation 2.4. It is however impossible to measure fluid-solid surface energies, so 
experimental methods are used to measure these indirectly by such means as capillary 
rise, liquid penetration, direct measurements of drop profiles or many other methods 
(Adamson, 1982). 
YI.A 
Air Liquid 
\ 8 
Solid surface 
Figure 2.8: Interfacial tensions at a vapour-liquid interface. 
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Y 1.5 -Y AS = Y 1..-1 COSe Equation 2.4 
Young's equation can be modified for a system possessmg two liquid phases 
according to the geometry of Figure 2.9. In this way two equations are produced that 
describe the contact angle in terms of the water-oil or oil-water systems. For the work 
in this thesis the contact angle used is the oil-water one, however for the purposes of 
oil deformation modelling the contact angle is defined as the acute value. The 
equations for the system are Equations 2.5 & 2.6, where the sum of the two contact 
angles is 180°. 
Yos - Y WJ = Y ow cos eo 
y~:\ -Y o.\ =Yowcos 8 w 
Oil Water 
Solid surface 
Figure 2.9: Interfacial tensions at a solid-liquid-liquid 
interface (Becher, 1965). 
Equation 2.5 
Equation 2.6 
The two liquid model of Young's will describe a system of two distinct, and 
immiscible, phases in contact at a point on a surface. For a system containing no 
surfactant the two liquids will be the pure oil and the pure water phases, but when a 
surfactant is added two distinctly different systems must be considered. These are 
when the oil phase is in contact with the surface and when the oil is separated from the 
surface by a surfactant layer. In the first case this can be treated as with the non 
surfactant system, with the only change to the system being the interfacial tension and 
the water-solid surface tension. But for the second system we must consider the oil 
phase in contact at an interface, as shown in Figure 2.9, not to be pure oil but consist 
instead of a layer of three distinct parts, all having some degree of interaction with the 
solid-liquid-liquid interfaces. This layer consists of an middle layer of surfactant 
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to which layers of water and oil have adsorbed and is present in all surfactant 
stabilised emulsions. When measuring contact angle this latter effect is the system 
desired and not the system where oil is adhered to the surface. 
2.4.2.1 Contact angle hysteresis 
When studying contact angle it is vitally important to include a study of the contact 
angle hysteresis. This occurs because a drop on a surface can contact the surface at an 
angle dependent on whether it is advancing or retreating. It will only contact at the 
equilibrium angle when it is pure and on a perfectly flat surface. In some systems this 
hysteresis can be extreme but it is generally thought by such as Becher (1965) that a 
pure liquid on a perfectly smooth surface will not possess any hysteresis. The main 
factors that contribute to hysteresis are surface roughness and the mobility of the 
interface. For an emulsion the interface consists of two monolayers of water and oil 
separated by a surfactant layer. In common with most surfactant stabilised systems 
this three part layer is extremely mobile and so will contribute minimally to hysteresis 
if not hinder it. The surface roughness, however, is a major factor to be considered. 
Work has been performed in this field by Morrow (Walsh, 1989), who empirically 
related the changing contact angle with roughness for various hydrocarbons on PTFE, 
but no work has been performed on an emulsion system or with metallic surfaces. 
Typical advancing and retreating contact angles for organic liquids are shown in Table 
2.3 and are applicable for high surface energy solids such as PTFE. 
An indicator of hysteresis can be observed from the relative ease with which a droplet 
moves across the surface of the solid. The force needed to produce droplet motion is 
related to the advancing and retreating meniscus curvatures by Young's equation, and 
for the case of zero hysteresis the force is zero. As the hysteresis rises the advancing 
meniscus curvature increases and the retreating curvature decreases, such that the 
force needed for motion rises rapidly. At a sufficiently large enough hysteresis, 
motion of the droplet is minimal and so the droplet is essentially adhered to the 
surface. 
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Table 2.3: Typical advancing and retreating contact angles for 
organic liquids on semi-rough surfaces (Walsh, 1989). 
Liquid Receding Advancing Surface Density 
angle 9, angle 9, tension (kg m·3) 
(dyne cm· l ) 
Isooctane 4.6 29.6 18.7 691.8 
n-Dodecane 22.8 47.9 24.9 743.0 
n-Tetradecane 25.1 50.2 26.2 759.9 
2.4.3 Contact angle measurement 
There are numerous methods available for contact angle measurement. Detailed 
analyses of each have been performed by Hunter (1987) and Good (1979) but are 
beyond the remit of this work. Selected methods and usage's are presented below in 
Table 2.4. Most are difficult to apply to a system consisting of water-oil-surfactant 
except for the sessile drop approach. This utilises flat sections of the solid surface in 
question and measures the contact angle of small drops on its surface using a 
microscope and internal angular scale. It can be modified with the use of photographs 
and high speed video cameras to view the angle with time and to allow image analysis 
of the drop profile to be performed. This method improves the accuracy, but is time 
consuming and requires empirical mathematical models to analyse for the contact 
angle. 
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Solid 
surface 
Capillary 
Flat 
Flat 
Flat and 
porous 
Table 2.4: Selected methods of detennining contact angle from 
Hunter (1987) 
Technique Comments 
Capillary rise at a Capable of the best, ±O.I 0, reproducibility, but is 
vertical plate only applicable if the solid can be fonned into a 
capillary. 
Direct Either sessile drop or bubble, with measurement 
measurement of either via a telescope with goniometer eyepiece 
drop profile or photographs. Accuracy of ± I ° in the range 
30° :0;,., e ,.,;:: 150° 
Calculations from A two parameter fit of drop height and maximum 
drop proftle using diameter is used for e > 30°. For 8 < 30° drop 
the Young Laplace height and diameter of the contact circle can give 
equation very accurate results of ± 0.1 0. These are used in 
combination with Hartland and Hartly's (1976) 
tables. 
Liquid penetration Several methods are available (volume, pressure, 
rate of penetration etc.), all of which give results 
which at least have some meaning, although that 
meaning is usually model-dependent. 
The sessile drop approach measures contact angles of drops such as those illustrated in 
Figure 2.10, where e is the internal angle of the droplet in contact with the solid. The 
method has been extended to measure the contact angles of bubbles by using an 
inverted sessile drop method. In this way a special cell is built and the bubble is 
allowed to rest on the underside of the solid surface whilst surrounded by liquid 
medium. This can also be applied to emulsion systems where the discontinuous phase 
is lighter than the continuous and so will rise to settle on the underside of the top of a 
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cell. Selected contact angles found in the literature are presented in Table 2.5. 
(a) (b) (c) (d) 
Figure 2.10: Contact angles of sessile drops. (a) Partially 
wetting liquid. (b) Partially non wetting liquid. 
(c) Complete non wetting liquid, e is circa 180°. 
(d) Partial wetting of a droplet in a liquid 
medium. 
Table 2.5: Selected equilibrium contact angles for liquid and 
liquid-liquid systems. All at 20° C. 
Solid Liquid I Liquid 2 e Reference 
PTFE (Teflon) Water n-Decane c. 180° Adamson (1982) 
PE Water n-Decane c. 180° Adamson (1982) 
PE Paraffin oil Water 30° Adamson (1982) 
PTFE (Teflon) Water 98-112° Adamson (1982) 
Paraffin Water 110° Adamson (1982) 
Polyethylene Water 88-103° Adamson (1982) 
PTFE (Teflon) n-Octane 26 - 30° Adamson (1982) 
PTFE (Teflon) n-Decane 32 - 35° Adamson (1982) 
Stainless steel Water 60 - 94° Bikerman (1958) 
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2.5 DETERMINATION OF EMULSION CONCENTRATION 
2.5.1 Introduction 
Measuring the composition of an emulsion is of vital importance industrially. The oil 
or water component of a product can be limited legally as in many food products, such 
as milk or butter, or it can result in large costs financially, such as water 
contaminating crude oil. On a smaller scale it is a major component in the 
understanding of emulsions and the effects of various processes upon its 
concentration. This is of great relevance in operations such as coalescence, 
flocculation or filtration. The methods to achieve this are very varied and often 
suitable to specific systems only. 
It is necessary to include information on sampling of emulsions for composition 
analysis as the method can have strong effects on the results. Sampling methods have 
been studied in depth by many authors with a wide range of techniques proposed, 
however it can all be summed up with the phrase: All samples must be representative 
of the bulk. Provided this is met then sampling errors will be minimised. 
2.5.2 Theory 
Selected methods of emulsion composition measurement are presented in Table 2.6. 
For specific details the reader is referred to the excellent review article of Rajinder Pal 
(1994). The method of titration has been used frequently for composition 
measurement of emulsions, but always by the addition of chemicals and dyes that 
react with the water content of a sample. This is best for W 10 emulsions but is 
acceptable for O/W emulsions. However, there is a modification of this principle that 
has rarely been studied, and certainly not in depth, that of a chemical tracer. The 
theory of this is presented along with that of turbidity, a light scattering method, 
which was also used in this work. 
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Table 2.6: Selected methods for determining the composition of 
oil in water emulsions. From Pal (1994). 
Technique Method Pros Cons 
Titration Titrate sample with Accurate down to few Better for W/O than 
(e.g. Karl-Fischer) indicator and suitably ppm of water O/W. 
reactive liquid. 
Total Organic carbon Bum sample in N,IO, Accurate to ppb levels. Cannot give 
with a catalyst surface composition of organic 
and measure CO, mixtures. 
produced. 
Centrifugation Centrifuge sample until Simple and accurate. Requires complete 
the phases are separate. phase separation. Poor 
for surfactant stabilised 
-
or very fine emulsion. 
Solvent extraction Extract oil into organic Accurate for low Complicated & 
solvent and analyse concentration O/W solvents unpleasant. 
with spectro- emulsions 
photometer. 
Electrical Measure the electrical Simple method for in- Capacitance for W/O. 
capacitance properties of the line measuring. Conductivity for O/W. 
/conductance emulsion. 
Turbidity Measure reflection of Very simple. Also dependent on 
beam oflight. drop size. 
Densiometer Measure the density Simple and can be done Can be inaccurate. 
which is proportional in-line. Require accurate 
to 0 or W content. component densities. 
Viscosity Measure the viscosity Simple. Viscosity analysers are 
which is proportional notoriously fickle. 
to 0 or W content. 
UV.IR, NMR Measure attenuation of Simple test. UV & IR Insensitive to each 
Spectroscopy wavelengths by give TOe. NMR gives phases composition. 
emulsion. the total hydrogen. 
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2.5.2.1 Chemical tracer 
In this method a suitable tracer is added to the dispersed phase which is easily 
analysable by suitable instrument. This can be as simple as adding a coloured dye to 
one phase and as complicated as adding radioactive tracers, such as C", to the oil 
phase. It typically would involve the addition of a chemical to one phase which is 
immiscible in the other, and which is easily analysable for. Methods to detect the 
tracer can include atomic absorption, UV /IRlNMR spectroscopy, titration and 
chromatography. 
A prime advantage to using this method occurs when an oil emulsion is stabilised by 
unknown types or quantities of surfactants. When this occurs methods such as Toe 
and spectroscopy fall down because their results include contributions due to the 
surfactant. However the tracer method gives results based upon the amount of oil 
present. 
2.5.2.2 Turbidity 
The turbidity of a liquid sample is a measure of the particles suspended in this 
medium. It is measured by illuminating a sample with a beam of light and measuring 
the degree of light reflected by 90 degrees. This is then compared against a known 
standard to give the value of number of turbidity units (Nepthelometric or NTU's), 
which is dependent on both the number and size of the particles within the system. 
Therefore a comparison of two samples to obtain a rejection value will only be 
accurate if their particle sizes are the same. This results in a significant error when 
comparing typical permeate and retentate samples with their vastly different size 
distributions. 
Two samples with the same concentration but with different sizes will have different 
turbidities as the smaller sized sample will contain more drops and reflect more light 
than the larger size sample. A crude correction factor can be used to account for this 
by using the ratio of the permeate and retentate Sauter mean diameters, xp and XR, and 
their turbidities, T p and T R, to produce a permeate turbidity equivalent to what it 
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would be if it had the same particle size as the retentate. Hence the adjusted permeate 
turbidity, T~, will be less than recorded experimentally by an amount calculated by 
Equation 2.7. 
T'-T ~ p - p' Equation 2.7 
x R 
The experimental rejection, R, is calculated by Equation 2.8, which is modified to 
give the adjusted rejection, R', Equation 2.9, and can be combined with Equation 2.7 
to give Equation 2.10, the corrected rejection. 
Equation 2.8 
Equation 2.9 
Equation 2.10 
This method is considerably more accurate than the unadjusted rejection, but is not 
sufficiently accurate enough for the work it is intended for. Thus this method was 
only used for the preliminary work, prior to that of the chemical tracer method. 
2.6 PARTICLE SIZE DISTRIBUTION 
2.6.1 Introduction 
To characterise a suspension or emulsion it is necessary to include the particle size 
distribution. This could be as simple as a sieve analysis and as complicated as image 
analysis. The method chosen is usually that which will give the most relevant results. 
If settling is of interest then the size distribution can be measured by sedimentation 
rates whilst if particle shape is of relevance then image analysis from microscopy is 
indicated. Other common methods include Coulter Counters (sensing zone method), 
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centrifugation, hydrodynamic chromatography (a high pressure flow of a suspension 
through a packed column induces segregation) and light scattering. Apart from 
microscopy most methods assume sphericity of the particles and are unsuitable if the 
shape of a particle needs to be determined. This has led to microscopy becoming the 
benchmark to which all other methods are compared. 
2.6.2 Emulsion size distributions 
There are a number of methods for particle size characterisation available on the 
market, however many are specific to suspensions where the particulates are heavier 
than the continuous phase. For an emulsion, where the droplets are lighter than water, 
the methods such as sedimentation are of minimal use. It would be possible to 
measure the creaming of the emulsion, but the sample can easily suffer from 
flocculation and coalescence during the measuring period. The most practical 
methods for an emulsion are those where analysis times are small and mixing of the 
bulk sample is allowed throughout the test. There are two main methods that satisfy 
these criteria, those of sensing zones and light scattering (Mikula, 1992). 
The sensing zone method using electrical pulse counting is well known, with the 
Coulter Counter known by all. The unit is made up of a sample tube with an orifice 
placed in an electrolyte solution containing the suspension. An electrode placed either 
side of the orifice allows current to flow through the orifice, which is disturbed by the 
passage of a particulate through it. The change in electrical current is a function of the 
size of the particle so that if a measurement is taken for a known sample volume then 
a size distribution can be derived. The number of particles can also be derived being 
equal to the number of pulses. In general the method is accurate, requires no 
assumptions apart from sphericity of particles and can be applied over a size range of 
1 /lm to 900 /lm, although this would require a series of different orifices as each is 
limited to a certain particle size range. 
Light scattering has been used for particle characterisation for some time. It is based 
upon measurements of reflection, refraction or diffraction of light by the presence of 
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particulates in solution. If a particle is suspended in a transparent medium and a beam 
of light is incident upon it, the light will be reflected away at an angle to its path 
dependent on the size of the particle. Provided the light source is of a single 
wavelength, such as from a laser, and a light sensitive unit is placed at some angle 
from the path of the light then the measurement of the reflection and or diffraction can 
be observed. The results of this can be related to the size distribution by algorithms 
such as that of Fraunhofer (Hunter, 1987). 
In general the method requires a number of assumptions to work, the refractive index 
of the suspension is assumed to be one value throughout the sample, the sample used 
is assumed to be homogenous and multiple scattering is treated as one particle. The 
last assumption means that the sample needs to be fairly dilute to minimise this and 
thus if dilution is required the dilution effects must be assumed to be insignificant. 
2.7 EMULSION REMEDIATION 
The remediation of emulsion streams for either product recovery or waste reduction is 
an area covered widely in industry and literature. Processes used for separation of 
suspended oil include settlers (Delaine, 1985), centrifuges (Menon & Wasan, 1985), 
coalescers (Soma, 1995: Arato, 1982), air flotation (Sato et aI., 1979: Angelidou et aI., 
1977), hydrocyclones (Bednarski & Listewnik, 1988), chemical breaking (Taylor, 
1992) and filtration (Koltuniewicz et aI., 1995: Elmaleh & Ghaffor, 1996). Each has 
its individual merits, see Table 2.7, and range of applications. Selection of a process 
requires evaluation of the following parameters: economics, space required, 
discharged streams and efficiency. Settlers may be very cheap but commonly are 
poor at oil reduction whilst filters can be very expensive but produce near total oil 
removal. Some techniques such as flotation and chemical breaking work best if used 
with a complex brew of chemical components added to the feed. Surfactants, 
flocculants, salts and pH adjusters all produce significant improvements when 
compared to without chemicals. Often settlers and hydrocyclones are used due to 
their mechanical simplicity and broad operating range (Delaine, 1985). 
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Table 2.7: Comparisons of typical emulsion remediation 
operations. 
Process Space Capital Running Efficiency 
required costs costs 
Settlers Moderate Low Minimal Simple yet effective for larger 
- High oil droplets. 
Centrifuge High High High Excellent for larger drops and 
good density differences. Very 
expensive to buy and use. 
Coalescers Moderate Moderate Moderate For right emulsion conditions 
- High are excellent. Can require 
chemical pre-treatment of feed. 
Flotation Moderate High High Complex and expensive to run 
but gives good results for 
constant feed conditions. 
Hydro- Low Low Moderate Simple and can be used for low 
cyclones drop sizes. Often used as add on 
to a settler. 
Filtration Moderate Moderate Low- Excellent rejection but lowish 
moderate fluxrate and filter cleaning may 
be needed. 
Chemical Moderate Low- High Can be very effective and simple 
breaking Moderate but costs are high and chemical 
is extra contaminant. 
Historically the principal method of separating oil from water was the API separator 
used throughout the oil industry with recommendations of design from the American 
Petroleum Institute in 1930 (Delaine, 1985). This is a simple form of a settling tank 
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which allows large oil drops time to float to the surface of the liquid where they form 
an easily removed coalesced oil layer. This requires a certain time for droplets to rise 
to the surface with larger drops rising much quicker than smaller drops in analogy 
with Stokes law. A typical unit was designed to remove oil drops of 150 f1m and 
above. Modifications of the API separator are widespread with commonly a series of 
packings to improve laminar flow conditions vital for droplet separation. Typically 
results show recovery of droplets larger than 60 f1m is possible. This is suitable for 
primary separation with suspended oil loads reduced considerably and with a very 
simple piece of equipment with minimal running costs, however the discharged 
aqueous feed will still have a high oil content. 
Enhanced settling can be achieved using centrifuges (Menon & Wasan, 1985). These 
use high speed rotation, c. 10,000-30,000 rpm, of a chamber through which an 
emulsion stream can be passed. The separation of larger oil drops is achieved in a 
period of seconds with high efficiency, however operation is poorer for smaller drops 
and with liquids of high viscosities or low density difference between phases. 
Industrially centrifugation is restricted to the recovery of high value products as both 
the purchase and operating costs can be excessive. 
Coalescence is a mature technique used widely for oily water remediation (Soma & 
Papadopoulos, 1996). In its simplest form it consists of a surface which is 
preferentially wetted by the dispersed phase. Droplets of oil contact this and adhere, 
subsequent contact with another adhered droplet will produce droplet coalescence 
eventually resulting in a droplet of such a size that buoyancy forces are greater than 
adhering forces and it then breaks free and rises to the interface. The coalescing 
medium can be a variety of materials, Jeater et al. (1980) used beds of glass fibres, 
Bevis (1992) used multiple layers of polymeric fibres, Arato (1982) used ceramic 
filters, Soma & Papadopoulos (1996) used a porous bed of granular quartz sand and 
Daiminger et al. (1995) used a polymeric filter. Commercial use of these is typically 
combined with a pre-filter to remove solid particulates which are the principal foulant 
in the feed. With these the coalescer's lifetime is considerable with little maintenance 
required and can be used in a full flow process as multiple filter elements, Bevis 
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(1982). Oil removal efficiencies can be greater than 90 % for 0.5 flm drops (Soma & 
Papadopoulos, 1996) for an oil that readily wets the coalescing medium, however 
results for low wetting oils can be very poor, this is the typical situation in industrial 
applications where significant quantities of contaminants exist. The wetting can be 
modified by the addition of surfactants, salts or pH changes to alter the surface 
charges of the coalescer and droplet and enhance attraction. This has been studied in 
depth by Hofman & Stein (1991) and Avranas et al. (1988). 
Air flotation is a method commonly used in mineral processing (Delaine, 1985) which 
has been readily applied to the separation of oily waters (Angelidou et aI., 1977). It 
involves the addition of air into an emulsion which adheres to the oil drops causing 
flotation. This can be enhanced by the addition of surfactants or flocculants with 
emphasis on the larger chemicals such as poly-electrolytes. There are two main 
methods of introducing air to the system, dissolved air flotation (OAF) and induced 
(or dispersed) air flotation (lAF). The first requires high pressure liquid saturated 
with air to be introduced into the lower pressure emulsion with the air rapidly coming 
out of solution as very small bubbles. Induced air flotation produces bubbles by either 
sparging through a disperser or by electrolytic generation. The bubble size is lowest 
for electrolytic generation and can be controlled for sparging by the size of the holes 
in the disperser. With efficient selection of bubbling conditions and chemicals to aid 
bubble-drop cohesion the separation can be significant. 
Detailed flotation experiments indicate that the addition of 4 % NaCI enhances oil 
recovery by 100 % (Van Ham et aI., 1983) and that a liquid pH of 4 can enhance the 
separation considerably. Takahashi et al. (1979) used these conditions with droplets 
of 10-50 flm in size with oil reductions of 90 % for a settling time of 10 minutes. 
Okada et al. (1988) investigated pH in depth using surface electrical properties, the 
zeta potential, of the drops to show that at pH 4 the bubble-drop charge difference is 
optimised, with bubbles positively charged and drops negatively charged. In general 
sizes of flotation equipment can be kept small, however, running costs are strongly 
dependent on the chemicals used in the system to enhance drop enlargement. 
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Electrolytic flotation has been studied by Sato et al. (1980) with a bubble size of 40 
/lm produced at 200 mA current. This produced a 50 % reduction in oil drops of 8 
/lm using a solution pH of 4. The advantage of this method of flotation is that it can 
be achieved within a continuous system with low capital costs and running costs 
dependent only on power consumption and chemical costs to optimise pH, salt and 
surfactantlflocculant levels. 
Hydrocyclones are typically used in the offshore industry straight after a gravity 
separator and often before any separator control valve, which will cause droplet break-
up (Field, 1992). They work by forcing the liquid to flow in a rotary motion around 
the sides of a vessel with centripetal forces resulting upon the liquid. This causes the 
less dense oil droplets to rise to the centre of the hydrocyclone such that it can flow 
out of the top of the hydrocyclone whilst the water flows out of the base. Designs of 
these units are such that drops of greater than 10 /lm can be removed (Boahen & 
Field, 1996). Bednarski & Listewnik (1988) used a hydro cyclone for the reduction of 
oily waste in ship bilge water with results indicating 80% removal of droplets greater 
than 40 /lm. Beeby & Nicol (1993) used a hydrocyclone with porous walls to allow 
air sparging, in the waste water industry. With appropriate control and use of a frother 
chemical 90-96 % reductions in oil levels were achieved using 10 /lm feeds. Miller & 
Hupka (J 983) achieved similar results with typically a 20 fold increase of oil in the oil 
rich overflow. Economically the equipment costs are low and space requirements 
fairly small, however as with flotation air sparged hydrocyclones require frothers and 
flocculants to achieve peak efficiency. Without a frother oil reduction will be 
considerably worse. 
A typical emulsion is stabilised as droplets by the presence of surface active agents in 
the system that modify the interfacial properties. This could be by the presence of 
soaps or as in crude oil by the presence of solids, bitumens and waxy substances. 
Chemical breaking is a very simple process that involves the addition of chemicals to 
an emulsion such that the interface is disrupted in a way which aids drop coalescence 
(Grace, 1992: Leopold, 1992). Typically a demulsifier is added that significantly 
reduces the stability of the interface. Taylor (1992) reports common demulsifiers in 
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the crude oil business as poly-esteramines used at typically 10 ppm. Recoveries of oil 
drops of 10 f1m in size are reportedly very good. Other chemicals used to enhance 
separation with flotation were discussed earlier and include pH adjusters, salts and 
flocculants. The latter act to produce a larger combined flocculant-oil drop which will 
settle easier than the drop itself. Yliksel et al. (1990) used long chain cationic 
quaternary polyamines which are each able to engulf a number of anionicaly stabilised 
droplets. The combined group was then separated out by membrane ultrafilters with 
>90 % rejection. Overall chemical breaking of an emulsion can be very effective 
when combined with a settler or filter, however chemical costs can be high and if the 
aim is to improve wastes for disposal then adding yet more contaminants is perhaps 
not the most ideal solution. 
Emulsion remediation using filtration is a substantial topic on its own and is discussed 
in depth in Section 2.8.8. 
2.8 FILTRATION 
2.8.1 Introduction 
Filtration processes are most widely known for the filtration of large particulates such 
as in engine filters or the sieving of flour in the kitchen. In industrial applications the 
filtration of such materials is relatively simple and widely known (Renner & Abd EI-
salam, 1991). For challenge material of much smaller sizes the field of filtration is 
less well known and consist of three slightly different pressure driven processes, 
Microfiltration (MF), Ultrafiltration (UF) and Reverse osmosis (RO). The principal 
differences between these are the pore size of the filter, the particle size rejected and 
the driving pressure (Davis, 1992). Microfiltration separates suspended matter of 
sizes of the order of 0.1-10 f1m, ultrafiltration separates colloidal matter in the order of 
0.001-0.02 f1m and reverse osmosis separates small molecules and ions of sizes less 
than 0.001 f1m. The trans-membrane pressures required across the filters for flow to 
occur is typically 1-2 bar for MF, lObar for UF and >20 bar for RO with 
corresponding typical fluxes of> 100 I m·l h-1 for MF, <100 I mol h- 1 for UF and often 
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<ID I m-2 h- I for RO. 
The application range of filtration, and the size of typical dispersions, is illustrated in 
Figure 2.11 and can be seen to occupy a region predominantly on its own. For the 
filtration of emulsions the use of UF or MF is indicated. Both of these operate in very 
similar manners and nearly always with the same types of filters. The methods of use 
are detailed in Section 2.8.2 and 2.8.4 with the fouling of filters described in Section 
2.8.3. Typical filter materials are described in Section 2.8.5 whilst fouling alleviation 
is described in Section 2.8.6. Finally the use of UF and primarily MF to the filtration 
of emulsions is discussed in Section 2.8.8. 
[ Emulsions J 
Sub micron Micron sized 
suspensIOns suspensIOns 
( Carbon black I ( Colloids I( Smoke I( Sand I 
[ Sieving 
[ Settling/coagulation 
[ Inertial separators 
[ Centrifugation ) 
[ Crossflow MF I 
[ Crossflow UF I 
Ion exchange) 
RO ) 
10-3 10-2 10-1 1 ~m 10+1 10+2 10+3 
Figure 2.11: Separation processes and typical challenge 
particles (Mir, 1992: Davis, 1992). 
) 
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2.8.2 Cross flow versus dead-end microfiltration 
There are two main operation methods of filtration, dead-end and crossflow fi ltration, 
illustrated in Figure 2.12. Dead end is a very simple process that passes the entire 
feed volume through a filter with direct impingement of all particulates onto the filter 
at some point in the cycle. This leads to a continually thickening layer upon the filter 
surface which impedes flow of the fluid through the filter more and more. This results 
in a continual decline in permeate flowrate with time and eventually will lead to a 
complete cessation in flow (Davis, 1992). Generally this method produces excellent 
rejections of challenge particles but requires cyclic cleaning. 
Feed Permeate 
i i i i 
Feed Retentate 
Permeate 
Permeate 
(a) Dead end filtration (b) Tubular crossflow fi Itration 
Figure 2.12: Dead end versus crossflow filtration. 
Crossflow filtration uses the flow of a feed fluid parallel to the filter surface to impose 
a high shear on the filter surface and so re-entrain some particulates from the filter 
surface. This acts to minimise the fouling layer and so keep fluxes at a much higher 
level than dead end filtration. There is some degree of fouling of the filter but after an 
initially high fouling rate at the beginning of filtration there becomes a point at which 
an equilibrium fouling layer thickness is reached and the layer gets no thicker. In 
terms of flux there is an initial decline in flux followed by an equilibrium flux, which 
with careful manipulation of the system can be substantial (Mir et aI., 1992). The 
driving forces within the system are the flowrate of the feed, the permeate rate, the 
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trans-membrane pressure (TMP) across the filter and the flow regime within the 
system. Higher fluxes are obtained by higher feed flows which increase filter surface 
shear and low TMP' s and permeate flows which keep foulants away from the filter. 
The operation of crossflow filtration can use a variety of filter types. The simplest is a 
plate and frame filter with a large number of plates constituting a single unit. The 
same flat sheet can be rolled up to form a spiral-wound unit where one side of the 
filter is for the feed and the other is the permeate. A flat sheet can also be formed into 
a pleated unit to increases the surface area for a given volume. The most common 
filter type for crossflow filtration typically utilises a filter of tubular shape, or 
sometimes a single flat sheet, with feed in at one end and a retentate out at the other. 
Typically the retentate will not be reduced significantly from the feed flowrate so 
industrially a multi-bank arrangement of filters i~ used to obtain the desired filtration 
performance. Tubular filters can be of a wide range of sizes from hollow fibres of 
0.1-0.025 mm up to rigid tubes of 1-20 mm (Bel fort et aI., 1994). 
Industrially tubular crossflow filters are desired to be of small volume, high 
throughput and high recovery (Belfort et aI., 1994: Owen et aI., 1995). This is not 
necessarily going to obtain the optimum performance as the fluid hydrodynamics 
within the filter may produce excessive fouling, which is the principal cause of poor 
performance. 
2.8.3 Membrane fouling of crossllow filtration 
During crossflow filtration flux decline occurs as a result of filter fouling. This is due 
to deposition of the suspended matter in the crossflow onto the filter. The most 
common form of fouling is that of cake fouling whereby a layer of foul ant forms on 
the filter. This impedes flow through the filter thus reducing the permeate flow. In 
filtration operations there are a number of different fouling mechanisms occurring 
which generally can be separated into internal and external fouling of the. filter, Figure 
2.13. 
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Internal fouling of the filter occurs by small particles adsorbing to the pore walls, 
particles blocking the pores especially for filters with significant depth and open pore 
structure and precipitation within the filter. External fouling occurs by two different 
mechanisms. Cake or gel fouling occurs when a dense compact layer forms on the 
surface of the filter, concentration polarisation occurs by a gradual increase in foulant 
concentration towards the filter brought about by the permeate flow carrymg 
particulates to the filter. Generally this layer is highly affected by the filtration 
conditions, being small when high shear is present and large when low surface shear 
occurs. Typically it is only relevant for UFIRO and with challenge materials of 
molecular/organic nature such as most foods. 
membrane 
resistance 
crossflow 
pore adsorption 
resistance 
concentration 
polarisation 
pore blocking 
resistance 
Figure 2.13: Mechanisms of fouling and the resistance to flow 
as a result (Holdich, 1996). 
For each of these fouling mechanisms a resistance to permeate flow is produced which 
when combined with the clean membrane resistance can be used to calculate the 
permeate flux, the flow per unit filter area, for an applied TMP. This is described by 
Darcy's law, Equation 2.11, where J is the permeate flux, L'>P is the TMP, ~ is the 
viscosity, Rn is the membrane resistance and R, is the combined fouling resistance. 
Commonly the value of Rn is determined as the clean membrane filtration resistance 
and can be determined experimentally using clean filtered water. Rr is the sum of 
each individual fouling resistance and varies with time. 
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Equation 2.11 
The exact behaviour of fouling with time is very complex and has been modelled 
extensively by such as Chaudhury (1996), Person & Nilsson (1991), Davis (1992), 
Belfort et al. (1994), Belfort (1989) and by Tarleton & Wakeman (1993, I 994a, 
I 994b ) with results strongly dependent on particle shape, pore shape, process 
parameters and the membrane morphology. For in depth studies of these matters the 
reader is referred to the aforementioned papers. 
2.8.4 Surface versus depth crossflow filtration 
It is readily apparent that filtration performance can be improved by the reduction or 
elimination of fouling. A study of its reduction is conducted in Section 2.8.6 but a 
simple method of eliminating a fouling mechanism entirely is to change the filter used 
to a surface filter. This filter utilises a sieving mechanism to achieve filtration 
whereby particles are physically blocked by smaller pores with the result that no 
internal fouling can occur (Davis, 1992), Figure 2.14. Typically filters that use depth 
as their filtration mechanism possess pores larger than the particles or are fibrous or 
granular and suffer from considerable internal fouling, this is illustrated by a fibre mat 
filter in Figure 2.14. 
It is well known in the literature (Gupta et aI., 1995: Villarroel Lopez et aI., 1995) that 
depth filters suffer from internal fouling which is predominantly irreversible. This is 
due to the particulates becoming trapped within the complex pore structure. As a 
result of this the filters permeability reduces gradually over extended periods of use 
and can be the reason for an abbreviated life span. Surface filters eliminate this 
problem entirely and can be used until they suffer from mechanical failure. Without 
irreversible fouling surface filters are more amenable to fouling alleviation measures 
such as backflushing as the operations only have surface cakes to contend with. 
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Figure 2.14: Surface filtration versus depth filtration. 
The principal difference between the two types of filters manufactured for industrial 
uses is that a typical depth filters need to be > 1 00 flm thick to achieve a certain cut-off 
whilst a surface filter with the same pore size can be as thin as can be physically 
manufactured as it is the surface pore that is used for filtration (Ballew & Porter, 
1980). NUclepore manufacture track etched polycarbonate surface filters typically 
with a 10 flm thickness (Costar, 1992). The advantage of such a thickness is that 
fluxes can be high for significantly lower porosity than depth filters. Ballew found 
similar fluxes could be obtained for both filter types of the same rated size with a 
Nuclepore surface filter of <I 0 % porosity and depth filter of 70-80 % porosity. 
Persson & Nilsson (1991) compared crossflow microfiltration using cellulosic depth 
filters and Nuclepore surface filters. The results indicated that fouling with surface 
filters was governed by the pore and feed size whilst these were less significant 
factors for depth filters. This was controlled by excessive polarisation and cake layer 
formation. Similar results were obtained by Tarleton & Wakeman (l994b) who 
further found that this occurs predominantly when the fraction of fines in the feed is 
negligible. When the fines level was artificially raised the depth filters suffered from 
considerable internal fouling during the first few seconds of filtration before the cake 
was fully formed. The filtration performance in this case depended predominantly on 
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this irreversible fouling. Tarleton concluded that the most appropriate filter is one that 
has a pore size just below the feed particle size to minimise internal fouling whilst not 
unduly constricting permeate fluxrate. 
2.S.S Microporous filters 
Historically microfilters have been polymeric or fibrous in nature but currently a wide 
range of filter types are available commercially such as, meshes, ceramics, sintered 
metals, track etched polycarbonate and perforated metal. 
Polymeric membranes can be made from a wide variety of materials such as cellulose, 
PVDF, PTFE, Nylon and Polypropylene and manufactured by a wide range of 
methods. Generally the structure formed is that of the acrylonitrile filter in Figure 
2.15 with an open structure of typical porosity 50-80 % (Gutman, 1987). This filter 
has a mean pore size of 0.45 !-lm yet it is readily apparent that the surface pores are of 
several microns in diameter. Thus this filter can only reject particles by a tortuous 
path of overlapping layers and pores within the filter depth, and correspondingly will 
suffer from internal fouling. Polymeric membranes are used throughout industry as 
they can provide a very tight cut-off and with their high porosity can trap a 
considerable amount of particulates within the depth before fouling necessitates 
replacement. Some chemical resistance to harsh conditions and aggressive cleaning 
chemicals can be achieved with appropriate choice of the polymer with autoclaving at 
120°C possible for some filters. Mechanical strength can be imparted to the filters 
by using either a thick membrane or as is more common using a support made from a 
strong very open polymer or woven structure. It is also possible to reduce the 
pressure drop across the filter through the use of asymmetric membranes whereby the 
filter progresses from a tight skin to a significantly more open base. 
A recent development in filtration with polymeric materials has been the use of 
polyhipe (POLYmerised High Internal Phase Emulsions) (Graver, 1997: Bhumgara, 
1995). This is formed when an emulsion of >74 % water in a monomer is 
polymerised to form the structure shown in Figure 2.16. The main advantages to this 
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type of polymeric filter is that it can be cast into complex shapes and is readily 
mouldable after production. The structure is such that it is self-supporting and can be 
manufactured with independently controlled porosity and pore size. The porosity is 
dependent on the fraction of water in the system and the pore size by the mono mer 
drop size in the emulsion. The pore size can also be modified by forming the 
polyhipe against specific solid surfaces which produce skins of much lower pore size 
than the bulk of the filter. 
Figure 2.15: Typical acrylonitrile 
polymeric membrane of mean 
0.45 Ilm pore size (Holdich, 
1996). 
Figure 2.16: Typical structure of 
polyhipe filter (Graver, 1997). 
Polymeric materials have also been produced as surface filters, Figure 2.17, using a 
method discovered by NUclepore (Costar, 1992). This involves exposing a very thin 
film, < 15 Ilm thick, of polycarbonate to a beam of ionising radiation. The irradiation 
causes localised damage along the path of the particles with a density variable by the 
time irradiated. This can then be etched in a caustic solution to produce regular 
circular pores with the pore size defined by the etching time. Industrially the filter 
was unsuit~ble due to its extreme thinness and low porosity, typically less than 10 %. 
It is more often used for low volume high profit operations where surface filters are a 
necessity. It is very common to see this type of filter in filtration of blood products 
and bio-medical applications (Costar, 1992: Belfort et aI., 1994) 
Significant current research is focused on the use of inorganic filters in primarily 
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microfiltration due to their considerable resistance to harsh regimes and aggressive 
operating conditions. This has included ceramic filters, sintered metals, woven 
meshes and perforated metal sheets. The ceramics are manufactured from a wide 
range of aluminas which are typically cast with a thick porous substrate covered with 
a skin of much finer material to act as the filter (Hsieh, 1987). A novel modification 
of this was performed by Davidson et aL (1990) who used a metal mesh as a substrate 
and cast a tight ceramic skin between the webs of the mesh. A typical silicon carbide 
filter is shown in Figure 2.18 and indicates that the surface is granular in structure 
with rejection of particulates occurring between granules or within the skin layer. The 
main advantage of the ceramic filters is that they perform in very similar ways to the 
polymeric filters, which is a well researched area. They are able to do this whilst 
having a much larger range of applications than polymerics in terms of temperature, 
pH and TMP. It is common to see ceramic filters with a 20 bar TMP (Bel fort, 1994). 
Unfortunately ceramic filters are very fragile to compressive forces and susceptible to 
brittle fractures (Holdich, 1996). 
Figure 2.17: NUclepore polycarbonate 
track etched filter with straight 
through pores of 5 Ilm. 
Figure 2.18: Ceramic filter of 
asymmetric silicon carbide with 
0.1 Ilm rating (Marchant, 1997). 
Metal filters can be produced in three different types, sintered, perforated and woven. 
The sintered can be in the form of sintered micron sized spheres of metal or by 
sintering fibres in a compressed mat, Figure 2.19. Commonly the porosity of the 
sintered spheres is 50 % and up to 80 % for the fibres, with a correspondingly higher 
fluxrate (Holdich, 1996). Mechanical cleaning of surface deposits from both is aided 
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by this high porosity and, as the filters can be made of most metal types substantial 
mechanical strength and chemical resistance can be built in. However both filter with 
a depth mechanism and suffer from the same filtration problems as with polymeric 
filters. Research with these types of filters has been conducted by De Bruyne et al. 
(1990), Kavanagh & Brown (1987) and Holdich (1996). 
Perforated metal sheets are most commonly used with very large pore openings as 
sieves. Relatively recently a method of producing electroformed filters with very low 
pore size has been used for small scale lab sieves and this work has been expanded to 
use in industrial scale filters (Stork, 1994). Illustrated in Figure 2.20 is a Veconic 
filter from Stork that possesses straight through pores and acts as a surface filter in 
filtration operation. The filter is manufactured by an electroforming stage followed by 
photoetching to give a consistent size distribution. This filter will possess all the 
advantages that surface filters have over depth filters whilst possessing considerable 
mechanical and chemical strength due to its metallic construction. It is also of a 
considerable thickness, 60 flm, which makes it sufficiently strong yet pliable enough 
to form into tubular forms suitable for crossflow microfiltration. 
Figure 2.19: Typical fibrous filter using Figure 2.20: Stork Veco perforated metal 
stainless steel sintered fibres with sheet with 20 flm pores. 
mean pore size of3.5 flm. 
The last form of filter to be discussed is that of woven meshes. This is a very old 
method of forming a filter with woven fibres in use for a number of centuries. 
Recently these have been joined by tight meshes constructed of plastic fibres and 
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metal wires with rigid and controllable gaps down to a few microns in size (BOPP, 
1994). Detailed construction information and types of weave have been presented in 
Dunn (\ 980) and can be summarised by the arrangement ofthe weave and the relative 
size of the two wires. Modifications to these will alter the mesh size between the 
fibres as seen in the three different meshes of Figure 2.21. The pore shape to flow is 
only square when a simple square weave is used. For the more complex Dutch 
weaves the pore shape is considered to be somewhat triangular in shape. The 
resistance to flow through meshes has been studied by Squires (1984) with an 
empirical relation based on the wire sizes and numbers. The results are within 2-17 % 
of experimental work. 
(c) (a) (b) 
Figure 2.21: Three examples of woven meshes with stainless 
steel wires. (a) Twilled square weave, (b) Plain 
Dutch weave with large warp wires and (c) 
Twilled Dutch double weave 
2.8.6 Methods of Fouling alleviation 
Fouling is a major problem in crossflow filtration requiring considerable additional 
equipment and chemical costs to clean the filter. This has led to an immense amount 
of research into methods to contain or eliminate fouling. Work has included studies 
on pulsatile flow and pressure (Najarian & Bellhouse, 1996: Gupta et aI., 1992), 
electric/acoustic fields (Tarleton & Wakeman, 1992), backflushing (Jaffrin et aI., 
1990), vibrating filters (Vigo & Uliana, 1990), turbulence promoters, and rotation 
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of the filter surface or the fluid near to it. These latter two methods strongly increase 
wall shear at the filtration surface which reduces the fouling layer thickness. 
Backflushing is a process where filtration is intermittently stopped and a flow of 
permeate or gas is passed back through the filter from the permeate side. This has the 
effect of breaking up fouling deposits. The length of time of the backflow is typically 
small so as to minimise the stoppage time and the quantity of the backflushing fluid. 
This is especially important when permeate is used as the backwash as often this is a 
costly material. The backflush length and the frequency of backflush is often system 
specific and depends predominantly on the rate of flux degradation due to fouling. A 
typical system is illustrated in laffrin et al. (1990) where fouling due to the 
concentration of apple juice was alleviated by using a one minute frequency of 
backflush with each lasting 0.16 seconds. Overall flux improvements were up to 
50 % with no reduction in permeate quality. A novel modification of this has been 
studied by Boonthanon et al. (1991) where the actual backwash of fluid has been 
exchanged for a system of two valves where the permeate and feed lines are 
intermittently closed together whilst the feed is recycled. The effect of closing the 
permeate valve is to produce a shockwave to pass back through the filter and dislodge 
fouling deposits, whilst the closed inlet valve modifies the pattern of deposit. 
Boonthanon found that a frequency of valve closure of one minute combined with a 
closure time of one second improved the overall fluxrate by up to 80 %. 
Fluid rotation within the filter, produced by rotating the filtration surface has been 
studied by Vigo et al. (1985), Rushton & Zhang (\990) and Kroner & Hustedt (1990). 
The rotating filter principle works by gently pumping the feed into an annulus 
between two tubes and rotating the inside tube which is the filtering surface. It is the 
rotation that produces additional wall shear, between the membrane and the feed, 
sufficient to significantly reduce the fouling and typically improve the fluxrate by 
three times over the unit operated in a crossflow mode. The unit operated without 
rotation would have a fully laminar stable feed flow and filtration performance would 
be poor. The act of the rotating filter is to induce instabilities, Taylor vortices, to the 
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laminar flow and disrupt the concentration polarisation on the filter. 
Vigo et aL (1985) studied the filtration of oily water using a rotating ultrafilter. He 
obtained >99.9% rejection on all runs and was able to obtain stable fluxes in excess of 
100 I m·2 h·' using a rotation speed of 12 m s·'. With the addition of mesh inserts on 
the filter surface the rotation speed was reduced to 6-8 m s·' , whilst maintaining the 
same flux. The operating pressure was typically 300 kPa giving a total power usage 
of25-35 kWh m·' of permeate produced. This method has certain disadvantages, such 
as the mechanical complexity and high maintenance needs. Also, rotating ultrafilters 
often have limited filter surface area giving a correspondingly low throughput. 
A large field of current research on fouling alleviation is concerned with filtration 
inserts on or in the filtration channeL These are primarily concerned with producing 
flow instabilities within the filter by a combination of flow restrictors, fluctuating size 
or rotating the fluid flow. The principal involved is that fluid instabilities will 
produce periodic disruptions on the surface of the filter and interfere with the fouling 
process. These are described in depth in the following section. 
2.8.7 Filtration enhancement using inserts 
It is well established that inserts within a tubular filter improve filtration performance. 
This is attributed to the increase in crossflow velocity and wall shear at the membrane 
surface. It is also possible with some inserts to produce a periodic change in the flow 
which acts on the wall shear to disrupt the fouling and thus improve fluxrate. Mavrov 
et aL (1992) investigated the use of straight rod inserts and periodic cone inserts 
constructed from repeating units of two truncated cones welded back to back (see 
Figure 2.22 for assorted insert configurations). Results obtained from ultrafiltration 
tests using dextran and maintaining a constant Reynolds number showed a three fold 
improvement of flux for the cone insert over that of the empty tube and 10 - 50 % 
improvement for various diameters of rod inserts. Pitera & Middleman (1973) and 
Dejmek et aL (1974) studied the use of Kenics static mixers as filtration inserts in 
reverse osmosis and ultrafiltration respectively and achieved considerable 
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improvements in flux and permeate quality. This was attributed to the high flow 
disruption, and thus turbulence, produced by the insert which reduced the surface 
fouling of the filter. However costs for this proprietary design and the power 
dissipated are considerable. 
Tubular filter - Cone Insert 
Tubular filter - Rod Insert 
Tubular filter - Kenics insert 
u 
n 
u 
n 
u 
n 
u 
n 
u 
n 
u 
n 
Tubular filter - Doughnut Insert 
u u u u u u 
n n n n n n 
Flat filter - Mesh Insert 
u 
n 
n 
Tubular filter - Helical insert - Tight fit 
Tubular filter - Helical insert - Peripheral flow 
Figure 2.22: Assorted filtration inserts used for flux 
improvement. 
Research has also been performed on whey protein and doughnut shaped inserts by 
Finnigan & Howell (1989) where flow disturbance was produced by periodic flow 
restrictors in the filter channel. Secondary flows and eddies produced by these 
reduced fouling and typically improved flux by 71 - 127 %, with Reynolds numbers 
of less than 3000 (feed velocity 0.22 m s·') and TMP's less than 2.3 bar. Additional 
use of pulsatile flow produced 18 - 58 % additional gains in fluxrate. This principle 
of periodic flow restrictors has been researched extensively for spiral wound filters 
and flat sheet filters through the use of a mesh insert over the filtration surface. Da 
Costa et al. (1994), Poyen et al. (1987) and Polyarkov & Karelin (1992) have all 
researched flat sheet filters with mesh inserts with Da Costa producing an in depth 
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study. Results indicate significant improvements in flux can be obtained, although 
correspondingly higher pressure drops are produced. 
Work has been performed on the increase of wall shear using a rotating flow pattern in 
the filter. The principle behind rotational fluid flows is to provide sufficient 
centrifugal force upon a suspension away from the filter surface to limit the fouling 
influence on the filtration process. This can be induced through the use of end caps on 
a filter with liquid inlets placed tangential to the filter similar to hydrocyclones. 
Holdich & Zhang (1992) used this for filtration of calcium carbonate suspensions with 
good improvements in results. More commonly this rotating fluid motion is provided 
by a helical insert placed within the feed channel for suspensions less dense than the 
continuous fluid and external for more dense solids. Recent work has focused on the 
use of internal helical inserts using a metal or rubber 'wire' wound around a metal rod 
by such as Gupta et al. (1995), Millward et al (1995) and Najarian & Bellhouse 
(1996). This insert modifies the flow regime within the filter from simple crossflow 
to a helical flow pattern which induces a degree of centrifugal motion upon feed 
particles and which greatly increases the wall shear at the filtration surface. The 
centrifugal motion induces particles less dense than the continuous phase to move 
away from the filter surface. Work has also been performed on external helices with 
the inner surface being the filter and the feed passed through the annulus around the 
filter. This induces motion of particulates denser than the fluid away from the filter 
(Millward et aI., 1995: Holdich & Zhang, 1992). The increased wall shear reduces the 
thickness of any fouling layer. 
Gupta et al. (1995) and Field et al. (1995) performed crossflow experiments with 
microfilters using both yeast and oil-water emulsions as the feeds whilst Gupta & 
Enfert (1996) performed filtrations with red wine. They studied the use of helical 
baffles made by winding a I mm wire around a rod of 3.1 mm or 2.3 mm and placing 
this in the centre of a Carbosep mineral membrane of 6 mm internal diameter. The 
insert was separated from the filtering surface by a gap of 0.45 to 1.85 mm, such that a 
considerable peripheral flow passed down the outside of the insert. It is entirely 
possible that a large fraction of the feed flow bypassed the helical insets path which 
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because of the recurrent constrictions when it has to pass over the windings of the 
helix will cause instabilities in the flow (Bel fort, 1989) and may well upset any helical 
flow forming. A sensible experiment would have been to evaluate the system with a 
tightly fitting helix to determine the effects of the helix alone. Gupta et al. (1995) and 
Field et al. (1995) analyses indicated a marginal advantage to having a gap of about I 
mm between the insert and the filter. These helical baffle inserts were tested against 
rod inserts and no inserts at identical power dissipation levels and showed in excess of 
a 50% improvement in flux for the helical baffles with a corresponding drop in 
filtration resistance. The optimum helical insert was judged to be 4-6 helices per 25 
mm length of 2.3 mm diameter rod. This work also showed that the Carbosep filter 
could not recover to its clean membrane resistance after a test, however the helical 
inserts consistently recovered to 1.18 times the original membrane resistance, whilst 
the rod and no baffle experiments recovered to 1.63 & 1.96, respectively, of the clean 
membrane resistance after filtration at 81 kPa trans-membrane pressure (TMP). The 
study using an oil emulsion and helix produced a constant permeate fluxrate of 100 I 
m·' h·' at a trans-membrane pressure of 51 kPa. An increase in TMP to 71 kPa raised 
the initial fluxrate but suffered from progressive fouling with all insert configurations. 
Laminar flow in helical pipes has been studied in depth for fluid mechanics with the 
helix described by two dimensionless numbers the curvature K, Equation 2.12, and the 
torsion "t, Equation 2.13 (Chen & Jan, 1993: Germano, 1989: Millward et aI., 1995). 
In these equations rh is the radii of the helical pitch around its central axis, b is 
determined from the helical pitch, Pt, by Equation 2.14 and a is either the helical pipe 
radius for circular pipes (Millward et aI., 1995) or the widthlheight of a square duct 
(Chen & Jan, 1993). An alternative form of the curvature is reported by Cheng et al. 
(1976) and Ghia et al. (1977) who both modelled rectangular helical ducts in unsteady 
laminar flow using Equation 2.15, where dh is the hydraulic mean diameter. 
Equation 2.12 
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t = --,---c;-
b' +r' h 
p, = 21tb 
Equation 2.13 
Equation 2.14 
Equation 2.15 
Millward et al. (1996) used the principles of torsion and curvature in their work with a 
helical insert inside a tubular filter where there was a considerable gap between helix 
and wall. The justification is somewhat tenuous as the flow regime within their filter 
will be considerably affected by the flow down the walls causing instabilities due to 
repeated passage through constrictions. This wiII considerably modify any Dean 
vortices produced by the insert. Studies using helical inserts and blood have been 
performed by Millward et al. (1995) and Najarian & Bellhouse (1996), using 3.5 and 
5.5 mm pitch helical inserts with a 0.25 mm clearance from the filter surface. 
Najarian found little difference between the two pitches and ascribed this to the 
considerable peripheral flow around the edges of the insert, however data comparing 
both helices to a filter with no insert showed flux improvements of over 7.5 times. An 
in depth study was performed by Millward using both a helix internal and external to 
the filter. In the latter case the feed was passed through an annulus with the permeate 
take off being the central tube. Results indicated that the internal helix had very 
similar effects to a 9.9 mm internal rod insert which was ascribed to the helix 
throwing blood cells onto the filter surface and complementing concentration 
polarisation. An external 3.5 mm pitch helix produced identical fluxrates as the 
internal helix of 3.5 mm, but with a power usage typically one third of the internal. 
The dissipated power was on the order of 10-80 W m" of membrane area with 
pressure drops due solely to the insert of typically 35 kPa for a 120 ml min" feed rate. 
The use of helical inserts, combined with the filtration of oil emulsions, has been 
studied in depth by Elmaleh & Ghaffor (1996) with Iranian crude and suspended 
solids as the feed. Filtration was performed with a 0.02 flm Carbosep filter which 
gave complete oil rejection at all times, but suffered from irreversible fouling and 
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which required aggressive cleaning to remove. This was combined with helices of 
pitches 7-14 mm which tightly fitted inside the filter. Optimum conditions between 
oil and solid concentration and helical pitch length were assessed to be 2000 ppm oil, 
3000 ppm solids and a 13 mm pitch helix. This condition produced specific 
resistances of one third of the oil on its own and one half of oil/solids test with no 
additional pressure drop due the insert. Steady fluxrates for a I bar TMP were 110 I 
m" h" for no helical path, 120 LMH for a 14 mm pitch helix, 135 LMH for a 13 mm 
pitch helix and 115 LMH for a 7 mm pitch. 
The use of filtration with flow inserts within a feed operating under fully laminar 
conditions has been found to improve filtration considerably (Bel fort, 1989) by the 
production of flow instabilities, also known as secondary flow. This is well known 
for rotating filters (Vigo et aI., 1985: Rushton & Zhang, 1990) which produce Taylor 
vortices and is known to occur when rough surfaces or flow disrupters are used in the 
flow path. Recently work has indicted that a similar phenomenon occurs in helical 
flows where Dean vortices are set up in the flow that cause unstable laminar flow 
(Bel fort et aI., 1994: Najarian & Bellhouse, 1996). The work stems from fluid 
dynamics work upon modelling the flow regime in helical pipes by such as Germano 
(1989). The relative merits of flow instabilities has been evaluated by Belfort et al. 
(1994) with the following factors of improvement over filtration in fully laminar 
conditions: Surface roughness x 2.5, Inserts x 7.5, Inserts and pulsation x 3.3, 
Roughness and flow reversal (flow going backwards) x 9, Smooth channel and 
pulsations x 1.6, Rotating filters (Taylor vortices) x 3.5-7.8 and Helical channel (Dean 
vortices) x 6. 
2.8.8 Filtration of emulsions 
Typical ultrafiltration with polymeric membranes has been performed by 
Bhattacharyya et al. (1979) on ship bilge water, Mahdi & Skiild (1991) on synthetic 
water based cutting fluids, Gaeta et al. (1990) on olive oil waste water, Tanny & Hauk 
(1980) on textiles yam scouring water, Mavrov et al. (1991) on boiler condensate 
recovery and Famand et al. (1985) on wellhead emulsions in the oil industry. A 
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fundamental study has been performed by Lipp et al. (\988) whilst an in depth 
analysis of cleaning oil emulsion fouled filters has been performed by Lindau & 
Jiinsson (1994). 
A number of common factors are apparent in all of these works. These are that the oil 
removal with UF filters is always greater than 98 %, the TMP's are large and that 
irreversible fouling almost always occurs. Commonly the filters of choice are 
cross flow polymeric membranes with cellulose (Lipp et aI., 1988) or polysulphone 
(Lindau & Jiinsson, 1994). Lipp discovered that cellulosic filters are more suitable to 
emulsion filtration as they are more hydrophilic than poly sulphone which aids 
repulsion of oil drops from the surface. He also discovered that cellulose suffered less 
from irreversible fouling a fact also noted by Farnand et al. (1985). Bhattacharyya et 
al. (1988) investigated this irreversible fouling and ascribed it largely to the presence 
of detergents which adsorb onto the filter and resist cleaning by water and 200 mg/I 
chlorinated water. Aggressive cleaning regimes were investigated by Lindau & 
Jiinsson (1994) on poly sulphone membranes using harsh acidic and alkaline cleaners. 
Flux recovery was satisfactory for cleaning cycles of alternately alkaline then acidic 
cleaners, with the addition of occasional sodium hypochlorite doses to control 
biological growth. However costs for this type of operation can mount up due to the 
volume of cleaners needed for a commercial plant. 
Commonly the filter pore sizes were of the order of 50-100 nm and correspondingly 
the TMP needed for an economic flux was high. Farnand required 1800 kPa for 
filtration of well head waters whilst Bhattacharyya et al. (1988) required 1400 kPa for 
fluxes of 100 I m' h·'. Both Bhattacharyya et al. (1988) and Mahdi & Skiild (199\) 
discovered that the flux was dependent on the concentration of surfactant in the 
system rather than the level of oil. Famand et al. (1985) found that when stabilising 
moieties were small enough to pass throughout the filter then rapid destabilisation of 
the retentate occurred with subsequent separation of a well head emulsion into a water 
and a bitumen rich layer. 
A number of researchers investigated temperature dependence of the filtration. 
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Famand et al. (1985) found bitumen emulsions to foul worse at higher temperature 
whilst with Tanny & Hauk (1980) a higher temperature was essential as paraffin in 
their feed began to solidify in the filter. In general, any temperature dependence is 
often emulsion specific, however it is common in the literature to see feed being 
cooled prior to filtration as polymeric filters are typically only practical below 60-70 
QC. Mavrov et al. (1991) cooled a 95 QC boiler condensate to 60 QC prior to treatment 
whilst Tanny & Hauk (1980) cooled textile waste to 60 QC. 
Considerable ultrafiltration work has been performed with ceramic filters. Villarroel 
Lopez et al. (1995) and Elmaleh & Ghaffor (1996) used 0.02 flm Carbosep zirconium 
oxide filters, Bhave & Fleming (1987) used 0.05 flm filters for lube oil waste water 
whilst Bhave (1991) reviewed the extensive literature on the subject. Typically oil 
rejection was >99 % with 50-100 I m·' h·' fluxes at 3-5 bar TMP. 
The majority of the literature upon the filtration of oil water emulsions has focused 
upon ultrafiltration. Where microfiltration is mentioned it is more likely than not 
performed with a filter possessing a 0.1-0.2 flm pore size or below. It is rare to find 
any research on MF with filters of micron size or above. Zaidi evaluated 0.8flm 
ceramic filters for the removal of solids and oil from produced water in the oil 
industry whilst Scot! et al. (1994) used 0.2 and 1.2 flm polymeric filters for oil/solids 
reduction. Results indicate that poly sulphone filters have the poorest flux whilst the 
highest is obtained with filters with high hydrophilicity. However, after a fouled filter 
had been cleaned and washed with surfactant the flux with emulsions improved for all 
filters by up to two times. This is attributed to the changes in the surface properties of 
the filter which induces a hydrophilic effect. Overall results were an average flux of 
10-60 LMH at 0.8 bar with 90 % rejection of I flm droplets. 
Koltuniewicz et al. (1995) and Koltuniewicz & Field (J 996) examined dead-end and 
crossflow MF of oil emulsions with both ceramic and polymeric filters. After fouling 
of a 0.1 flm polysulphone filter using both crossflow and dead end methods the flux 
was identical. The conclusion was that the fouling layer was not the controlling 
mechanism but that the internal fouling of the filter was. This was not observed with 
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0.45 flm PVDF filters where strong crossflow dependence gave results considerably 
higher than dead end. Further testing with a ceramic 0.1 flm Ceramesh filter produced 
higher steady state f1uxes even though its pure water permeability was one order less 
than with the polymer membranes. High TMP runs proved to be somewhat 
inappropriate as it was found that over extended periods of testing the flux would 
decay much quicker than for a lower TMP and eventually would have the same flux. 
It was also found that oil had penetrated the filter producing both irreversible fouling 
and increased oil passage on subsequent uses. This was removed by using ethanol as 
a cleaning agent. The fouling of the filter was identified as pore plugging followed by 
cake filtration. The pore plugging was analysed to occur for the first 20 minutes of /' 
filtration at a 40 kPa TMP and for less than 5 mins at 80 kPa. Typically the 80 kPa 
TMP produced a flux of 200 I m- l h-'. Further work (Gupta et aI., 1995: Field et aI., 
1995) has been conducted with these filters using helical baffles to improve filtration, 
this has been detailed earlier in Section 2.8.7. 
Other work on ceramic MF filters has been performed by Bhave & Fleming (1987), 
Bhave (1991) and Zaidi et al. (1992). Bhave (1991) reported on the use of micron 
sized filters for recovery of machinery coolants in the motor industry. It was observed 
that 3flm filters were completely un-practical as they caused drop coalescence within 
the filter causing pore blocking and rapid decay in flux. However for a 5 flm pore size 
no coalescence was observed and minimal fouling occurred giving a sustainable flux 
of 2200 I m-l h-'. Cleaning was occasionally required to remove pore plugging but 
this was reduced by the use of the same filter after it had been surface modified to be 
more hydrophilic. Bhave & Fleming (1987) studied waste waters from vegetable oil 
processing plants with 0.2 flm filters. Fluxes of 27 I m· l h-' were possible for a TMP 
of 14 psi, however with the addition of 50 ppm of a flocculant the flux rose to 430 I 
m· l h-' with a 10 psi TMP. The mean size of the emulsion with the addition of the 
flocculant rose from 0.3 flm to 2 flm. Experimentation into minimising the costs due 
to chemical addition led to an operation whereby 10 ppm of flocculant was used 
whilst fouling was minimised by the use of an air backflush for I second every 3-5 
minutes. This produced a constant flux of 125 I m-l h-' for a 15 psi TMP and 4 m s-' 
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crossflow rate. 
Zaidi et al. (1992) evaluated the use of ceramic filters in the recoverylrecycling of 
well head emulsions. A number of installations are installed world-wide with 
effective filtration provided conditions are steady. Zaidi reports that a number of 
systems are considerably sensitive to variations in the feed especially to variations in 
the treatment chemicals used in oil recovery from wells and oil separation on the 
surface. Operating conditions were typically 300-500 kPa for fluxes that at best 
achieved 1000 LMH in the lab but more often were around 500 LMH in the real 
world. Polymeric materials were also investigated with filters becoming heavily 
fouled in the field and on some occasions were not cleaned by chemical agents 
indicating that considerable internal fouling had occurred 
2.9 PORE SIZE DISTRIBUTION 
2.9.1 Introduction 
Pore size characterisation is a vitally important component in understanding filtration 
through porous media. It is perhaps the defining factor that produces rejection of 
particulates in filters. A study of this will permit predictions to be made of what size 
of particulate will be rejected and if a pore distribution is present then the rejection 
grade efficiency for each size fraction within a feed suspension can be predicted. 
Pore size distributions are evident for all filters to some degree or other. Typically 
this is an artifact of the method of production. Even track etched polycarbonate filters 
have pore size distributions although manufacturers market them as rated size + 0 % 
and rated size - 20 % as the limits, this is rarely the case (Costar, 1997 & Hemandez, 
1996). 
2.9.2 Theory 
A number of common pore characterisation methods applicable to surface filters are 
presented in Table 2.8. Each has its pros and cons, with the choice of method usually 
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decided by which is most relevant to the end use of the filter and the depth of 
information required. Both the bubble point and the mercury intrusion method 
produce results by assuming pores are cylindrical and are not easily related to filters 
with asymmetric pores or with mUltiple layers of differing pore size. However the 
bubble point is very simple to use for surface filters and can be performed with a 
variety of wetting liquids. It also detects blocked pores, whereas mercury intrusion 
cannot. 
Method 
Bubble point 
Mercury 
intrusion 
porosimetry 
Table 2.8: Typical methods for pore size characterisation, 
Hemandez (\996). 
Description Pros Cons 
Air pressures required to Rapid, non destructive. Assumes cylindrical 
remove fluid from a wet pores. 
pore can be related to the 
pore diameter 
A modification of the bubble Very useful for small Destructive test as 
point where mercury is pores, depth filters and pressures are typically 
forced into a dry filter powders cakes. very high and traces of 
mercury remain in the 
pores. Automated 
units have problems 
with coarse surface 
filters 
Microscopy & Utilises Microscopy, SEM's, Gives accurate Can be tedious. 
image TEM's etc. combined with distributions and shapes of Requires good image 
analysis image analysis pores. Can be combined analysis program for 
with freeze fracture to good data. 
show pore structure 
through filter. 
Solute Measures retention of Can be easily related to Require lots of work 
retention increasing sizes of challenge process conditions by for good size 
solutes, macromolecules for suitable choice of solute. distribution. Fouling 
UF, but can use solids for must be avoided at all 
MF. costs. 
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If accurate details of pore shape are required then the main method is that of picture 
analysis of pores obtained from a variety of machines. Units such as SEM and TEM 
give excellent pictures and can also be used to obtain pictures of pore shapes within 
the filter when combined with freeze-fracture techniques. 
There are a number of other pore size characterisation methods available but most are 
either complicated or somewhat esoteric. Adsorptionldesorption of gases and 
condensation of vapours within pores can all be related to pore size distribution 
although their uses are primarily for Ultrafilters. Nuclear magnetic resonance (NMR) 
has also been used by Glaves (1989) with water saturated membranes, but requires a 
calibration material with known pore size. 
Considerable interest has been given to the bubble point method from commercial 
users due to its speed and repeatability and has been produced as a number of 
standards (ASTM 316, 128 & 902). It is a classic method using the Washbum 
equation, Equation 2.16, to relate pore diameter to the pressure required to displace a 
liquid held within a pore by capillary forces. The method assumes that once air flow 
begins it is described by Hagen-Poiseuille flow, which is reasonably valid for pore 
diameters of greater than I f.lm (Hemandez 1996). This author produced a model to 
correct for flow through small pores using the Knudsen flow model for pore sizes of 
0.1 to 10 f.lm in polycarbonate filters. The results of this work indicated that a Coulter 
Porometer II produced significantly higher numbers of pores at smaller pore sizes than 
either image analysis ofSEM's, nominal data from the manufacturer and modelling of 
flow through small pores with Knudsen flow. These latter three methods all produced 
very similar data. Other modifications of this method include modelling of pores with 
a diverging shape by Vaidya (1994). In this work the Hagen-Poiseuille equation was 
modified to account for the higher gas flowrate that would pass through a diverging 
pore than for a cylindrical pore. The result of not using this modification would be to 
over predict the number of pores of a given pore size. The bubble point method has 
also been used with a second liquid as the displacing medium by such as Jakobs 
(1997). Results are very similar to those obtained with air and are performed at a 
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much lower pressure. 
p= 4ycos8 
dp 
Equation 2.16 
The bubble point method can be used to determine the maximum and minimum pore 
sizes of a filter and the data from it can be analysed to give the mean pore size by flow 
and the pore flow distribution. This is achieved by measuring the air pressure 
required to expel droplets of water from a given pore size in a fully wetted filter and 
measuring the flow of air through a wetted and a dry filter. 
The actual measurement of pore size distribution is achieved by wetting a filter 
thoroughly with a liquid of known contact angle and surface tension such as Coulter 
Porofil and placing within a sealed cell. The air pressure feeding this is then very 
gently increased in small increments and a series of air flowrate and air pressure 
readings is obtained. The filter is then dried in-situ with a high flow of compressed 
air before the test is repeated with the dry filter. The results of these two tests are then 
plotted as pressure against flow. The mean pore size of the filter by flow, MFP, can 
be derived from a graph of the wet and dry curves by plotting a line of half the dry 
flow and looking for the intersection with the wet flow line. The pore diameter at this 
point is the MFP, shown in Figure 2.23. 
The pore flow distribution can be determined from the wet and dry flow curves using 
Equation 2.17 where Qi is the flow fraction of pore size i, and h and I refer to the 
flows at the high and low end of the pore size division. Results from a plot of this 
using the data of Figure 2.23 is shown in Figure 2.24. 
Q = (wet flo wh _ Wet flOW,) x 100 % 
, Dry flowh Dry flow, 
Equation 2.17 
2-59 
Dry now 
This line 
represents the 
Mean flow pore 
I size 
Pressure (Pa) 
Half Dry 
flow 
Figure 2.23: Mean flow pore size determination and wet and 
dry curves for a typical filter. 
! \ 
Pore diameler ()lm) 
Figure 2.24: Mean flow pore size distribution for previous 
data of a typical filter. 
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2.10 INTERFACIAL FORCES AND DROPLET DEFORMATION 
2.10.1 Introduction 
A liquid droplet or gas bubble existing within a second liquid phase is held as a 
droplet by the forces within the interface of the two phases. An indication of these 
forces is given by the interfacial tension of the system. The drop tends to form an 
equilibrium shape, which in the absence of external forces is a perfect sphere and 
when in contact with a surface will have an equilibrium contact angle. These two 
properties can be used to predict the equilibrium shape a droplet will form when in 
contact with a pore. 
If this droplet was to impact upon the pore of a filter with a trans-rnembrane pressure 
across it then it can do one of three things. If it is smaller than the pore then it will 
pass through, if it is slightly larger than the pore then it will deform into the pore and 
then squeeze through, and if it is considerably larger than the pore it will deform 
slightly into the pore and then stop if the force required to push it through the pore is 
greater than that across the droplet. A measure of the droplet sizes that will deform 
and pass through the filter and those that will be rejected can be determined from 
capillary theory by assuming that an ideal meniscus must be formed when the droplet 
contacts the filter surface. 
2.10.2 Capillarity 
Capillarity is concerned with interfaces that are sufficiently mobile to produce an 
equilibrium shape (Adamson, 1982). Typically the systems relevant to this are 
bubbles, liquid drops and soap films. The principal property involved is that of the 
surface/interfacial tension between the two phases, which is a measure of the free 
energy per unit area of the interface. This is a function of the bulk properties of the 
fluids and not of the molecular properties and so it can be directly measured by a 
number of well known methods, see Section 2.3.2. 
The principles of capillarity are that an equilibrium surface between two phases can be 
described by a pressure difference across the two, which in turn is related to the 
2-61 
curvature of the interface. If we were to consider an interface of a soap film in the 
absence of any external influences, such as gravity, then it would form a perfect 
bubble of radius r* If the bubble radius was then reduced slightly the surface free 
energy would increase, due to surface area reduction, and because this must be 
balanced thermodynamically there is a corresponding rise In the internal pressure of 
the bubble producing a pressure difference across the interface. This can be evaluated 
mathematically by considering the work required to reduce the bubble radius by dr*, 
which gives a reduction in surface free energy of 81tr* r dr*. This is balanced by the 
pressure difference across the interface which is converted to a work term by 
multiplying by the change in surface area to give 6P41tr*2 dr*. Thus the balance is 
shown in Equation 2.18, which reduces to Equation 2.19. 
1'lP41tr *' dr* = 81tr * ydr * Equation 2.18 
I'lP = 2y Equation 2.19 
r* 
The subject of capillarity can be extended to account for capillary rise in a small 
circular capillary, where the actual curvature of the meniscus must be considered. The 
volume of liquid in this meniscus can be significant and must be accounted for by a 
force balance to ensure accurate results. For a perfectly wetting liquid such as water 
on glass this meniscus diameter is equal to the pore diameter, but for a liquid 
contacting at some angle 8 the meniscus radius, r*, is calculated by Equation 2.20 
which is derived from the geometry of Figure 2.25, where rp is the pore radius. 
/ 
/ 
/ /8 
/ • / 
r*1 / 
/-
/ 
/ 2r, / 
Figure 2.25: Meniscus of a liquid at equilibrium within a 
capillary. 
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r 
r*=-P-
cose 
Equation 2.20 
The standard Young-Laplace equation IS therefore the combination of these two 
equations as shown in Equation 2.21. 
M= 2ycose 
rp 
Equation 2.21 
This equation can strictly only be applied when the meniscus fonus a perfect section 
of a sphere. Deviations from sphericity require the Y oung-Laplace equation to be 
modified. Exact solutions of this have been proposed by such as Bashforth and 
Adams (1883) with solutions requiring complex iterations only solved with high 
accuracy with the advent of micro-computing by such as Erikson (1965). Menisci 
curvature is of vital importance to the calculation of the capillary pressure by means 
of Young's equation. This assumes that the meniscus is axisymmetric and contained 
within a tubular capillary with the size defined by the contact angle with the capillary 
walls. The effects of non-tubular capillaries has been studied extensively by Mason 
and Morrow (1987, 1994, 1996) through the use of the Mayer-Stowe-Princen method 
of calculating the contribution to the capillary pressure of small sections of the 
meniscus in corners and arcs. This modelling is rigorous and is able to model the 
menisci in a multitude of pore and tube shapes. 
A modification of the Young-Lap lace equation is used in petroleum technology to 
consider droplets of oil passing through pores. Schramm (1996) considers a single 
droplet of oil passing into the narrowest part of a pore, as in Figure 2.26, with two 
separate menisci the leading r* and trailing R* The individual pressure drop over 
each menisci can be calculated by the single meniscus form of the Young-Lap lace 
equation of Equation 2.19 and the combined pressure drop over both is the sum of the 
individual pressure drops and therefore equal to Equation 2.22, where the negative 
sign accounts for the pressure rise across the trailing meniscus. 
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Porous 
R~~I, 
Movement .~'---- ... \1\ 
--.~ R* r*~~ 
Figure 2.26: Entry of a deformable oil droplet into a rock pore. 
M'= 2y _ 2y 
r* R* 
Equation 2,22 
This pressure difference across the two interfaces can be considered to be the force 
required across the droplet to move the droplet through a pore of given size. For the 
case of Figure 2.26 with a complex geometry there will exist a position where the 
pressure drop is at a maximum, and this defines the maximum force required to push 
the droplet through the pore, This is the critical pressure and is equal to the trans-
membrane pressure required across the droplet for flow of the droplet to occur. 
Mathematical solutions can be determined for the critical position and thus the radii at 
that position as shown in the following sections. 
2.10.3 Droplet deformation 
The deformation of droplets has been studied by a wide variety of authors with many 
different applications. The work has mainly involved the study of the flow of 
deformable droplets in capillaries and is achieved with considerable mathematical 
modelling and computing power. Pozridikis (1993) and Tsai (1994) have studied 
large droplets in reasonably coarse capillaries, whilst Halpern (1989) and Secomb 
(\986) have studied the effects of deformation on red blood cells. This latter study is 
somewhat simpler as the blood cells have a fixed surface area as well as being 
incompressible, Modelling has been extended to coalescence (Danov, 1993) as well 
as flocculation (Petsev, 1995) of deformable droplets, where the interface of two 
droplets in collision is studied, 
The case of bubbles entering and leaving capillaries has been studied extensively by 
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Lin et al. (J 994) and Pinto et al. (1997). Both investigated the properties of contact 
angle and interfacial tension of droplets in relation to pore throats with Lin performing 
a very in depth study of the critical pressures during bubble formation. This work 
showed that for a hydrophilic surface the bubble diameter that will pass through a 
pore is directly related to the pore diameter although usually the bubble size is 
considerably larger than the pore size. The critical factor was the contact angle with 
the smallest bubbles produced with the lowest contact angles. 
Deformation of emulsions has been studied by Peng and Williams (J 997 a & b) and 
by Williams et al. (1997) for the production of an emulsion by forcing one liquid at 
pressure through a single tubular capillary pore into a crossflow stream of a second 
liquid. The method is analogous to that of cross flow filtration albeit with addition of 
material to the cross flow not removal. Experimental work indicated that a hydrophilic 
surface was required to produce an oil in water emulsion whilst hydrophobic was 
required for water in oil. This produces the smallest droplet size for a given set of 
conditions which is identical to the results found by Lin. As with Lin the droplet size 
produced was linearly related to the pore size but generally considerably larger, 
factors of 2-8 times the pore size were common with the exact value dependent 
predominantly on the crossflow rate and the liquid permeate rate. An analysis of the 
critical pressures for droplet formation was conducted and combined with the forces 
in crossflow filtration to predict the droplet size from a single pore with reasonable 
accuracy. However no account was made of contact angle, which would have 
significant effects upon the model and is unlikely to be the assumed value of zero 
degrees for oil droplet formation. Experimental work reported in this thesis indicates 
that there will also be considerable hysterisis present. 
Williams et al (1997) applied the work of Peng & Williams (J 997 b) to' emulsion 
production on an industrial scale using a Fairey microfilter. This is a depth style filter 
consisting of a sintered ceramic material, with a significant pore size distribution and 
unlike the early work cannot readily be modelled as tubular pores. The surface pores 
of this filter possessed considerable roughness and were considerably irregular. Both 
of these would strongly affect the contact angle and the critical pressure of droplet 
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production. A surface style filter with tubular pores would have been more easily 
controllable for this work than a depth style filter. Experimental work indicated that 
the pore size distribution had a marked effect on the droplet size distribution 
produced. It was found that a relatively small number of large pores produced a large 
fraction of the droplets, which were also significantly larger than the average. This 
was attributed to the preferential flow of liquid through larger pores. Williams 
concluded that "the quality of the membrane is of paramount importance". The effect 
of the pore size distribution and cross flow Reynolds number on the droplet size can be 
seen in Figure 2.27. Typical emulsion production fluxrates were 101 m" hr-I at a 1.4 
bar TMP and 1 ms-I crossflow velocity.· 
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Figure 2.27: Effect of increasing crossflow Reynolds number 
on the droplet size distribution produced from a 
membrane having the pore size distribution 
shown (from Williams et a!., 1997). 
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Nazzal & Wiesner (1996) used a similar filter to Peng and Williams for the 
microfiltration of oil droplets from water. They considered the deformation of an oil 
droplet as it just impinged upon the pore of a ceramic filter, modelled as possessing 
cylindrical pores with minimal size distribution. The work centred around an analysis 
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of the capillary effects of a droplet just impinging on a pore such that oil-water 
interfaces occurred separately within the pore and at the rear of the droplet with 
contacts with the wall at some equilibrium contact angle, 8. The maximum pressure 
or the critical pressure, P rn" to push the droplet through the pore was then defined as 
the sum of the pressure drops across these two interfaces which was derived in 
Equation 2.22 and is repeated in Equation 2.23, where r* and R * are the curvature of 
the leading and trailing menisci respectively, and y is the interfacial tension. This 
critical pressure occurs when the leading meniscus radius is at its minimum and the 
trailing meniscus is at its maximum value such that the geometry of the drop is as 
shown in Figure 2.28. 
P. = 2y _ 2y 
enl r* R* 
I r* 
Figure 2.28: Forced entry of a deformable oil droplet into a 
cylindrical pore. 
Equation 2.23 
The geometry of the droplet and pore was analysed by Nazzal to give mathematical 
expressions for the volumes of the leading and trailing menisci. This, when allied to 
an assumption of incompressibility of the oil and therefore conservation of volume of 
the oil, allowed complex expressions to be formed for the leading and trailing menisci 
curvatures based on pore and droplet radii, rp & rd, interfacial tension and contact 
angle. Subsequent insertion of these expressions into the critical pressure equation 
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produced Equation 2.24. Unfortunately the Nazzal and Wiesner equation is incorrect. 
The correct fonn of the equation is given here as Equation 2.25 with a 3 prior to the 
sine tenn. Full proofs of this model are provided in Chapter 5 and in greater detail in 
Appendix A. 
2 + 3 cose - cos' e Equation 2.24 
4(::]' cos' e - (2 -sine + sin' e) 
2 + 3cose - cos' e Equation 2.25 
4C:], cos' e -(2 - 3sine + sin' e) 
In addition to the error in Equation 2.24 it has not been possible to repeat the 
calculations made in this paper. Figure 2.29 shows the graphical forms of Equation 
2.24 and Equation 2.25 for values of e of 25° and 55° (labelled on the figure as 25 & 
55). These two angles are analysed as Nazzal quotes the contact angle used as 155°, 
equivalent to e = 25°, which from the graph below is significantly away from 
Nazzal's data, whilst 55° is somewhat closer. 
Experimentally Nazzal & Wiesner (1996) investigated oil droplet deformation using a 
number of ceramic depth filters with a challenge emulsion of chlorobenzene 
emulsified in ultrapure water with no surfactants present. The emulsion had a number 
averaged size of I llm which was used for all modelling work. Results of emulsion 
filtration indicate that a 40 % rejection of this challenge material occurs with a 0.8 llm 
filter for a trans-membrane pressure of one tenth of the critical pressure for a I llm 
drop. However the data presented in Figure 2.29 indicates that no critical pressure is 
predicted to occur for this drop and pore size with either the data plotted by Nazzal or 
by plots of Equations 2.24 and 2.25, using 25° for the value of e. This may possibly 
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be accounted by Nazzals statement that "the polydiversity of the pores has been 
accounted for by using the manufacturers bubble point data", however a 0.7 flm pore 
is needed for any critical pressure to occur. 
Predictions for 0.8 flm and 0.05 flm filters are shown in the paper along with 
experimental results of these filter sizes. Correlations are somewhat poor with 
considerable overprediction of emulsion rejection for the 0.05 flm filter and 
underprediction for the 0.8 flm filter. 
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CHAPTER THREE 
3. EXPERIMENTAL: EQUIPMENT AND PROCEDURES 
3.1 EMULSION AND PVA SURFACTANT EVALUATION 
3.1.1 Introduction 
The emulsion characteristics are at the heart of this work and these will to a strong 
degree affect the results obtained via filtration. The characteristics required in the test 
emulsion were as follows. 
• Concentration: The emulsion concentration should be representative of the 
place which micro-filtration holds in the field of emulsion separation. 
• Stability: The emulsion must be, above all else, stable in size during 
filtration. The oil droplets should not break-up excessively during 
pumpIng and passage through pores to allow repeated re-use of the 
emulsion over a number of days with the feed size being comparable for all 
tests. 
• Analysability: It is vital that the emulsion be suitable for analysis of 
droplet size and concentration using methods available. It should therefore 
be resistant to droplet coalescence over a period of tens of minutes whilst 
static and waiting for analysis. It must also be stable in size following 
dilution to the operating range of instruments. 
• Low surfactant level: In these days of environmental concerns it is 
important that the level of surfactant is kept to a minimum to allow simple 
disposal of wastes and to permit recycling. 
Following literature searches an emulsion concentration of 1000 ppm was chosen for 
the project, with kerosene used as the oil phase and filtered tap water as the aqueous 
phase. This was emulsified using a paddle stirrer rotating at a fixed speed for a fixed 
3-\ 
time. 
The surfactant to stabilise the emulsion was chosen as polyvinyl alcohol, a polymeric 
surfactant, which forms stable emulsions of desirable sizes (Brooks, 1994). The 
concentration of the PVA was selected to be 0.2 grams per litre of water. This 
concentration was judged to be the lowest that did not demulsifY during a bench top 
mixing experiment. Below this level rapid coalescence of droplets was observed. 
3.1.2 Test liquids 
The emulsion consists of two phases, organic and aqueous. The organic consisted of 
kerosene (BDH-Heavy distillate), and the aqueous of mains tap water filtered to 0.5 
Ilm (Amazon Supagard polypropylene cartridge filter) with a dissolved surfactant 
level of 0.2 g 1"1. The surfactant was Fisons polyvinyl alcohol with a molecular 
weight of 25,000 and degree of hydrolysis of 88 %. This was supplied as crystals and 
readily dissolved in water whilst also being able to adsorb to the surface of organic 
liquids. 
3.1.3 Experimental procedure 
Emulsification was achieved using a suitably sized conical vessel with a four bladed 
paddle stirrer and Citenco (0-7,200 rpm) mixer. The conditions of a mixer speed of 
1500 rpm, measured by a Power Instruments (model C-891) tachometer, operated for 
ten minutes produced an emulsion with Sauter mean size typically of 10-12 Ilm. 
3.2 EMULSION CONCENTRATION ASSESSMENT 
3.2.1 Introduction 
The emulsion, as formulated In Section 3.1, was judged to be unsuitable for 
concentration measurements with common methods of analysis, Section 2.5, due to 
the difficulty of determining the PV A level in an emulsion sample. If methods such 
as TOC or extraction were used then PV A would also be extracted and the resulting 
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data would be a combination of oil and PV A. An unusual method, that of chemical 
tracing was selected as the method for this work. 
The technique was to dope the oil phase with a metal salt which would be analysable 
in an atomic absorption (AA) device, Section 2.5, which burns samples and analyses 
the subsequent flame for concentration of metals using light absorption. The metal 
chosen was copper, originally in the form of copper sulphate, which can be complexed 
with an aromatic oxime with the trade name of Accorga PT-5050 (Zeneca) to form a 
complex copper salt. This is in principle soluble in organic and immiscible in 
aqueous media. 
This method was evaluated to determine if it was suitable for the test emulsion. The 
characteristics desired for an emulsion containing the complexed copper is that the 
copper must remain in the oil phase and not leach out into the aqueous so that the 
concentration obtained will always be representative of the oil concentration in a 
sample. The presence of the copper should also not adversely affect the stability of 
the emulsion. 
3.2.2 Theory 
The chemistry of this complexing operation is believed to obey the reaction 
mechanism shown in Figure 3.1 where the aromatic oxime reacts with copper sulphate 
to produce a copper complex and sulphuric acid. However the true chemistry of 
Accorga is unknown, so the actual structure of the complex is a prediction only. It is 
worth noting that Accorga will possess the properties of an ionic surfactant, with the 
hydroxyl group able to bond with the water and the aromatic with the oil. However 
once complexed the resulting molecules surfactant properties will be effectively 
eliminated as the very large molecule will possess no polarity (Richardson, 1997). 
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Aromatic Oxime+ Copper Sulphate ---+ Complex aromatic + Sulphuric acid 
Figure 3.1: Chemistry of the copper complexing process. 
3.2.3 Test liquids 
The test liquids consist of the same aqueous phase as described in Section 3.1 with an 
organic phase consisting of kerosene containing the complexed copper. This was 
produced in a simple operation whereby 2000 grams of kerosene were gently mixed 
with 410 grams of Accorga for five minutes at which point 700 grams of a copper 
sulphate solution was added (112 grams of Fisons Cu,S04.5H,O per kilogram of de-
ionised water). This was gently mixed for thirty minutes whilst at the interface of the 
oil-water the Accorga complexes with the copper ions producing sulphuric acid 
molecules in the process. At this point, the presence of copper in the oil phase will 
have produced a very deep brown colour. After thirty minutes, this solution was 
allowed to rest whereupon the two phases immediately split and were separated in a 
separating funnel with the relative weights of the two phases recorded. The aqueous 
phase was subsequently analysed in the AA instrument to have a concentration of 100 
ppm of copper. Calculations of weight recoveries were made using the above data 
and showed a concentration of copper in the organic phase of 3457 ppm. This 
mixture is the standard oil stock and is referred to as such throughout this work. 
The standard 1000 ppm test emulsion was produced as in Section 3.1, with the new oil 
stock as the organic phase. A typical emulsion would therefore contain a copper 
concentration of 4.18 ppm, within the linear range of AA spectrometers. 
Equivalent emulsions containing no copper were manufactured following the same 
method, but with the copper sulphate omitted in the mixing operation. This mixture is 
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henceforth referred to as the Kerosene & Accorga oil stock. 
3.2.4 Experimental procedure 
To evaluate the properties of this complexed copper system a number of experiments 
were conducted. These were to determine that the copper remains solely in the oil 
phase of an emulsion, that an emulsion's copper level is accurately measurable in an 
atomic absorption device using standard aqueous copper solutions as a reference, and 
that the presence of the non-copper constituents, the matrix, do not adversely affect 
analyses. The aqueous copper standards are required because actual emulsion 
standards are not thermodynamically stable. 
Atomic absorption analyses were performed usmg a Perkin-Elmer 3030 machine 
which operates by atomising a liquid sample in an acetylene flame illuminated by a 
beam of light with a wavelength of 324.8 nm generated from a copper hollow cathode 
lamp. The degree of light passing through the flame is then measured by a detector 
and the amount of light absorbance by the copper in the flame is determined. This can 
then be translated into a concentration of copper using standards of an aqueous copper 
solution at known concentration. To ensure all samples used in the machine were 
homogenous they were sonicated using a Branson sonifier 250 with a power output of 
85 watts for thirty seconds. Visually the resulting droplet sizes were not visible 
indicating a size significantly sub-micron. 
To determine whether or not the complexed copper can leach out of the oil phase into 
the aqueous a number of emulsion samples were filtered using the Veco surface filter 
used in this work. These produced permeate samples, which were visually observed 
to contain minimal suspended oil drops. The samples were sonicated to produce a 
small droplet size and left to stand for two days to age and allow leaching to occur. 
Each was then analysed for copper concentration using the AA instrument. 
The viability of using commercially available aqueous copper standards in the AA 
analysis was checked by comparing standards containing various concentrations 
against equivalent emulsion samples with varying concentrations. This was 
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combined with tests of the effects of the non-copper emulsion matrix on the analysis 
of the copper level by performing analyses on a number of samples of an emulsion 
manufactured identically to that of a copper doped emulsion, but without any copper 
in the oil phase. 
3.3 SURFACE AND INTERFACIAL TENSION 
3.3.1 Test liquids 
Three test liquids were evaluated for surface and interfacial tension. These were a 
standard oil mixture, see Section 3.2.3, an organic mixture of kerosene and Accorga in 
the same ratio as the standard oil mixture and a solution of PV A in de-ionised water. 
The quantities of each was unimportant except for certain tests of the interfacial 
tension where the volume of the aqueous phase was adjusted so as to give the same 
surfactant concentration at the interface as found in a typical emulsion feed sample. 
To achieve this it was assumed that for two different emulsions that if the ratio of 
mass of PV A to interfacial area was identical then the actual interfacial concentrations 
would be identical even if complete migration to the interface did not occur. The 
calculation of the composition of an aqueous sample for interfacial testing was made 
by calculating the total surfactant mass present and the interfacial area of a typical 12 
flm Sauter mean emulsion. The surface area of the emulsion was calculated, using its 
number size distribution and the oil concentration, as 28.02 m' per litre of emulsion, 
with the total PV A present being 0.2 grams. Thus, the maximum interfacial 
concentration was 274 mg of PVA per square metre of interfacial area. From this, the 
volume of the aqueous phase in the interfacial tension measurements was calculated 
such that the mass of surfactant present would give an identical weight of surfactant 
per unit of interfacial area. This gave a test sample of 0.344 mg of PV A in de-ionised 
water for a beaker of 40 mm diameter. 
Liquid samples were all prepared for testing by twice filtering through a 0.2 flm 
Cellulose Nitrate filter before being placed in a suitably sized glass beaker and left to 
rest for a short time with a cling film cover. The interfacial tension samples were 
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produced by adding a quantity of the aqueous phase to a beaker and then gently 
pouring the oil phase onto its surface. These were then left to rest for 24 hours to 
allow surfactant di ffusion to the interface to occur. 
3.3.2 Experimental apparatus and procedures 
Experimental measurements of surface and interfacial tension were conducted using a 
model DB 2KS digital surface tensiometer. This machine utilised a du Noiiy ring 
with a semi-automated form of the common method whereby a platinum ring is gently 
pulled away from the interface by using a sample stand on an adjustable screw. The 
platinum ring was cleaned between tests by flaming in a Bunsen burner to minimise 
contamination of the sample. 
Equipment cleanliness was ensured by cleaning all equipment pnor to use with 
copious quantities of acetone, followed by drying in an oven. Measurements of 
surface tension were conducted by dropping the ring through the surface of a liquid 
and bringing to rest. The sample stand was then gently adjusted downwards until the 
ring was just short of the interface. The screw was then gently turned to pull the ring 
through the interface until the liquid contact with the ring was broken. Interfacial 
tension measurements are different in that the ring was zeroed in the top phase before 
being dropped into the bottom phase and the test conducted as usual. All tests were 
repeated ten times. 
3.4 CONTACT ANGLE MEASUREMENT 
3.4.1 Introduction 
The sessile drop technique of measuring contact angle was used in this work for the 
filter materials and the emulsion constituents. The filter materials tested were a small 
sample of the Veco filter and a 0.08 Ilm NUclepore filter. The Veco filter had been 
modified until the pores had been completely blocked. The macroscopic surface of 
this sample was therefore identical to that of a porous partially surface modified filter, 
but without pores. However, unfortunately the NUclepore filter could not be modified 
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to remove the pores, it is therefore porous which must be accounted for in any tests. 
An account must also be made for the wetting agent polyvinyl-pyrrolidone (PVP) 
which covers the filter surface and is present to enable aqueous flash wetting of the 
hydrophobic polycarbonate substrate. 
3.4.2 Experimental apparatus and procedures 
Two liquids were tested on the two filters, these were an aqueous phase of deionised 
water with 0.2 g 1.1 of PV A and a standard oil mixture as described in Section 3.2.3. 
The intent of this was to measure the contact angles of each separate phase on the 
surfaces of the two filters and to measure the contact angle of an emulsified droplet of 
oil in the aqueous solution whilst in contact with a filter surface in a specially 
constructed cell. Unfortunately, tests of emulsified drops were only possible with the 
Veco filter, as the Nuclepore filter was too fragile, flexible and porous to be formed 
into a cell. To achieve maximum accuracy the liquids were all filtered twice through 
a 0.2 flm cellulose nitrate filter prior to use, whilst the Veco filters were washed and 
soaked in acetone for 24 hours. The Nuclepore filters were used straight from the 
packet they came in. 
Single liquid contact angle measurements were evaluated using a Kriiss model G-I 
contact angle instrument with an enclosed sample stand and attached microscope with 
a rotating angular scale. Liquids were placed upon the filter samples by using a very 
fine syringe with a vernier calliper attached to control the volume of the drop. The 
contact angles on both sides of the drops were taken immediately with each drop 
being measured twice during a short period to prevent evaporation of droplets being a 
problem. Evaluations of the Nuclepore filters were conducted in three ways. Firstly, 
measurements were performed with a single drop placed upon a dry filter followed by 
drops placed on the wetted part of the filter. The evaluation was finished by wetting 
the filter with the second liquid and adding drops of the first liquid onto this. 
Contact angle measurements of an emulsified drop was complicated in that the droplet 
is lighter than the surrounding water phase and so will float. Therefore, the method 
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used for these is that of the inverted sessile drop commonly used for bubbles. To 
achieve this a special cell was necessary in which the filter sample is the top of a cell 
containing the aqueous phase into which an oil drop can be inserted, this is shown in 
Figure 3.2. 
The cell consisted of a small section of the Veco filter bent to form the top and two 
sides of a cell with the remaining two sides being two sections of a microscope slide. 
The base of this was constructed from a small piece of stainless steel, in which a small 
hole had been drilled and sealed with a self-sealing membrane to allow a syringe to 
enter the cell. To make this unit watertight it was sealed externally with large 
quantities of silicon sealant. The resulting cell possessed a flat section of filter 
material at the top of the cell, which was flush with the glass and easily visible. 
Filter medium 
\ 
! 
Self sealing plug 
Figure 3.2: Water filled cell for contact angle measurements 
by the inverted sessile drop method. 
Tests were performed by filling the cell with the aqueous phase using one syringe 
whilst using a second needle on its own as an air vent. These were then removed and 
a syringe containing oil was inserted into the cell and a single drop of oil was gently 
placed into the cell and the syringe quickly removed. The cell was then gently rotated 
to prevent the droplet from contacting the cell walls for more than a second, in this 
way the droplet should become enveloped in surfactant. After one minute of rotation 
the cell was placed upon a sample stand, with attached goniometer telescope 
(Gaertner), and a quickly a number of contact angles were measured before the cell 
was again rotated. In this way, the droplet was prevented from adhering to the filter 
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surface, which it would readily do given approximately two minutes stationary contact 
with the surface. The contact angle measurements were primarily of the drop in 
contact for the filter for a brief time but also included angles of drops that had adhered 
to the filter surface. 
3.5 EMULSION SIZING 
3.5.1 Introduction 
Two methods of determining size distributions were used in this work. Initially a 
light scattering Coulter LS 130 was utilised and then superseded by the sensing zone 
method Coulter Multisizer Il. 
3.5.2 Experimental procedures 
3.5.2.1 Coulter Lasersizer 
The Coulter LS 130 analyses diffraction of light through a small sample cell of 15 ml 
volume with a small magnetic stirrer in the base sufficient to keep the contents well 
mixed. To produce an analysis this cell was filled with distilled water and run through 
the unit to produce a background reading. A small sample, typically 0.5 mls or less, 
of emulsion was then added and allowed to mix well before the analysis was repeated. 
The resulting data, analysed by the Fraunhofer method, produces size data of relative 
volume or number. 
This instrument was used initially due to its extensive size range of I to 900 Ilm and 
extreme simplicity of operation. However, results from this unit typically possess a 
tail at low sizes, less than 10 Ilm, where the distribution continues with a fairly 
constant relative number. This was not observed in microscopy of the same sample. 
As a result of this phenomenon affecting the evaluation of results at low particle sizes 
it was subsequently discontinued as the chosen method. This was primarily due to 
experimentation into droplet deformation requiring accurate data of drop sizes from I 
to 40 Ilm. 
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3.5.2.2 Coulter Multisizer 
The Coulter Multisizer 11 uses a sample stand and combined mixer with a sampling 
tube containing a 70 ~m diameter orifice. This was able to scan the size range 1.2 ~m 
to 42 ~m with a 1 ml autosampler size from a sample vessel of 200 mls. This sample 
vessel contained a 5 % saline solution, filtered to 0.45 ~m, which formed the 
electrolyte for current flow. A sizing analysis was conducted by filling this vessel 
with fresh saline and analysing to give a background reading. A small volume of 
emulsion was then added to the vessel and the test was repeated. The difference 
between the two being the size distribution of the emulsion in terms of absolute 
numbers of droplets with 256 channels of size data. 
3.6 TEST FILTERS 
3.6.1 Introduction 
Filtration tests were conducted with three different arrangements of filters, flat sheet, 
tubular and 47 mm disk depending on the evaluation required. Detailed information 
on the sizes of the filters and their construction are given in Sections 3.6.2, 3.6.3 and 
3.6.4. The flat sheet filters were a wide ranging mix of seven metal filters of differing 
constructions, whilst the tubular filters were solely constructed of a single material. 
The 47 mm disks were produced from the same filter material as the tubular filter, 
with standard 47 mm polycarbonate Nuclepore filters also used. 
3.6.2 Flat sheet filters 
The flat sheet filters consisted of seven different filters, which included five different 
types of filter. These types were sintered fibres, perforated sheet, twilled Dutch 
weave, single Dutch weave and plain weave. The manufacturers data of each IS 
detailed in Table 3.1, page 3-18, and described in detail in the following sections. 
3.6.2.1 Sintered fibres 
The sintered fibre filter was supplied by Bekaert as a large sheet. It is made from 
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large numbers of stainless steel fibres which have been compressed together to form a 
mat, and then sintered to provide fibre cohesion. The bed of fibres is typically 350 
fim thick with a porosity of 65 % (Bekaert, 1997). The filter surface is shown in 
Figure 3.3 and it is readily apparent that pore openings between fibres can be up to 
100 fim, however the structure of each fibre layer is such that for a particle to pass 
through the filter it must pass in a tortuous path between layers, where the apparent 
pore opening is substantially less than that between fibres. A Coulter Porometer 
analysis of this filter is shown in Figure 3.4 and indicates that the filter has pore sizes 
between 2 - 5 fim with a mean of 3.5 fim. This means that for this filter to remove 
single particles from a liquid then they will be deposited within the filter structure 
causing internal fouling. Surface rejection of particulates can only occur when the 
particles are typically 100 fim or when a cake layer has formed. 
Figure 3.3: SEM of the Bekaert filter. 
Note the large openings between 
fibres. 
3.6.2.2 Peiforated Vecofilter 
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Figure 3.4: Coulter Porometer analysis of 
the Bekaert filter. Reprinted with 
permission of R. G. Holdich, 
(1997). 
This filter is a sheet of perforated metal called Veconic from Stork. It is formed from 
a combination of electroforming and photo etching to produce a regular array of near 
circular holes with a conical profile. The manufacturers data (Stork, 1997) gives a 
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nominal size of 20 ~m with the pores arranged in a triangular pattern to give an open 
area of I %. The two surfaces of this were markedly different with the upper, normal, 
surface being polished and the lower, reversed, surface being matt grey. SEM 
analyses of these two surfaces are shown in Figures 3.5 to 3.8 with a cross sectional 
view shown in Figure 3.9. It is apparent from the SEM's that the surface properties 
are due to a smooth top surface and considerably rougher bottom surface. 
The method of manufacture produces a number of curious properties. Each pore's 
normal, upper, surface is set in a slight circular depression of 150 flm diameter, 
illustrated by Figure 3.6, with a pore separation of ",195 ~m and a triangular pattern. 
The pores are in the centre of these depressions and are not perfectly circular as can be 
seen in Figure 3.5 and were significantly less than the 20 ~m rating given by Stork. 
This figure indicates a pore diameter of 13 flm. The underside of the pore is 
considerably more open than the top with the profile of the pore being conical III 
shape with a depth of 60 flm. 
Figure 3.5: Close up SEM ofa single Figure 3.6: SEM of the pore 
pore as seen in the normal arrangement. 
orientation. (Mottled effect is due 
to presence of oil) 
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Figure 3.7: Close up SEM of a single 
pore as seen in the reversed 
orientation. 
Figure 3.8: SEM of the pore 
arrangement. 
100 u m 1------1 
Figure 3.9: Cross sectional view of a pore as shown from the 
reversed side. 
The pore shape of the pores was examined from ten SEM images of individual pores, 
see Figure 3.10, on a piece of the filter material. The resulting images show the pores 
to be irregular circles with no consistency between shapes, however they are 
consistently of a similar size. The mean of this is approximately 13 J.!ID, considerably 
less than the quoted 20 J.!m rating. 
Filtration using this filter will predominantly be at the surface by a sieving mechanism 
as there is no appreciable depth to the filter for depth filtration. Fouling of the filter is 
expected to be predominantly pore plugging, with particles trapped in the pore 
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opening when the normal side of the filter is facing the flow and at some position 
within the pore when used in the reversed orientation. This fouling mechanism 
combined with the conical pore profile is likely to be an aid to backflushing with 
Storks own literature quoting the pore profile as "self releasing" during filtration. 
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Figure 3.10: Typical pore shapes as seen from the normal filter 
side. 
3.6.2.3 Twilled Dutch weaves 
Twilled Dutch weaves are acknowledged to produce the smallest openmgs of all 
monofilament weaves, BOPP (1997). They are produced when a series of equally 
spaced warp wires are woven with a smaller weft wire, with each weft wire passing 
over two warp wires. These weft wires are in contact with the next weft wire and are 
staggered. This is shown in Figure 3.11 where the weft wires only are visible, the 
warp wires can be inferred to be where the weft wires suddenly kink slightly. The 
pore opening can be altered by modifying the wire diameters and the spacing between 
the warp wires. 
Two filters of this type were used with different ratings, an 8-9 !lm, BOPP 325 x 
2300, and a 12-14 !lm, BOPP 200 x 1400, rated filter. These differences are caused 
by the first filter having very similar warp and weft wire sizes, whilst the second has a 
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warp wire almost double the weft diameter. This leads to a higher warp mesh. 
Particulates can only pass through the filter by using the gap produced between three 
weft wires as they pass under and over a single warp wire. This means that filtration 
occurs predominantly by a sieving action at these pore openings. 
Figure 3.11: SEM of a twilled Dutch weave filter. The weft 
wires are in contact with one another and pass 
over two warp wires (not visible). 
3.6.2.4 Plain Dutch weaves 
Plain Dutch weaves are a single weave structure where the weft wIre alternately 
passes over then under a much larger warp wire, see Figure 3.12. The weft wires are 
typically in contact with one another such that the pore opening is defined 
predominantly by the size of the warp wire and the warp spacing. Two types of single 
Dutch weave were used; a Betamesh \5 with a rating of 15-\7 pm and a Robusta with 
a rating of \8-2\ pm, both produced by BOPP (1997). The rating difference is due to 
the Robusta using wires of twice the thickness of the Betamesh yet with a tighter warp 
mesh. 
As with the twilled Dutch weave the filtration of particulates occurs at the juncture of 
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three adjacent weft wires passing around a single warp wire. Filtration IS again 
expected to be by a sieving mechanism. 
(a) (b) 
Figure 3.12: SEM of plain Dutch weave filters with warp 
wires much larger than the weft. (a) Robusta (b) 
Betamesh. 
Figure 3.13: SEM of a plain woven filter. 
3.6.2.5 Woven mesh 
The last type of woven filter is a simple woven structure, although with each weft 
wire passing over two warp wires at a time. A single type was used from United wire 
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with a rating of 26 Ilm. It possessed identical warp and weft wires with diameters of 
22 Ilm and openings between each of 26 Ilm. This opening is roughly square. 
Filtration of particulates is very straightforward with a direct sieving action occurring 
at the pore. Fouling will predominantly be pore plugging and surface cake formation. 
Table 3.1: Physical descriptions ofthe flat sheet filters. The 
filters are of stainless steel except for the Veco 
stork filter. (The manufacturers absolute rating is 
based on a solid spherical particle). 
Filter Type Description Absolute 
(Wire mesh's given as rating 
warplweft dimensions) (Ilm) 
BEKAERT Fibrous filter Compressed andsintered 3 
3AL3 mat of fibres with 65 % 
porosity 
STORK Perforated sheet Electroformed and 20 
Veconic photoetched Veco filter 
with 20 Ilm holes and 1 % 
open area 
BOPP Twilled Dutch Wire sizes of 38/25 Ilm 8-9 
325 x 2300 weave wife and spacing of 325 x 
cloth 2300 mesh 
BOPP Twilled Dutch Wire sizes of 70/40 Ilm 12 - 14 
200 x 1400 weave wire and spacing of 200 x 
cloth 1400 mesh 
BETAMESH Plain Dutch Wire sizes of 46118 Ilm 15 - 17 
15 weave wire and warp spacing of 80 
cloth Ilm 
ROBUSTA Plain Dutch Wire sizes of 110/35 Ilm 18 - 21 
150 x 720 weave wife and warp spacing of 60 
cloth Ilm, mesh 150 x 720 
UNITED Woven square Wire size of 22 Ilm and 26 
WIRE mesh spacing of 261lm 
261lm 
Nominal 
rating 
(Ilm) 
2 
5 
15 
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3.6.3 Tubular filters 
3.6.3.1 1ntroduction 
Emulsion filtration evaluations were predominantly performed uSing tubular 
crossflow conditions. To achieve this a specific rig was built with a specially 
constructed filter module, which could contain a 14 mm diameter and 310 mm long 
filter tube. This is explained in detail in Section 3.9. The material chosen for all this 
work was the Veco filter described in Section 3.6.2.2, which was initially used as 
supplied by Stork and its properties will not be repeated here. It was also surface 
modified to reduce pore sizes. 
3.6.3.2 Surface modification of Veco filters 
Modification of filters. was provided by Dr. Richard Holdich and Or. lain Cumming of 
the Department of Chemical Engineering at the University of Loughborough. 
3.6.3.3 Properties of modified Vecofilters 
The properties of the surface modified Veco filter is best seen using edge on SEM's of 
a totally blocked section of filter. This is shown in near and far images of a single 
section in Figures 3.14 & 3.15 where three different layers can be readily observed. 
The central layer is the Veco filter, which is shown in Figure 3.15 as a cross section 
through a single pore. Above this is a layer that shows fractures from the tearing the 
filter for imaging. This layer is approximately one third the filter thickness, or 
approximately 20 J.lm. The bottom layer is shown peeling away from the original 
filter material, such, that estimation of the thickness is impossible. The difference 
between the properties of the two layers to tearing is believed to be due to binding of 
the surface modifier with the two different surfaces ofthe original Veco filter. 
A sample of a partially modified filter is shown in Figure 3.16 with a single pore 
shown from the top surface. The pore size of this is approximately 8 J.lm, which is 
somewhat below the 13 J.lm observed in unmodified Veco filters. 
3-19 
Figure 3.14: SEM of sample of tom Figure 3.15: Close-up SEM of a sample 
totally modified Veco filter with of tom totally modified Yeco 
base layer peeling away and upper filter with base layer peeling away 
layer fractured. and upper layer fractured. 
Figure 3.16: Close up SEM of partially modified Yeco filter 
with pore diameter of 8 [!m. 
3.6.4 Circular filters of 47 mm 
3.6.4.1 1ntroduction 
Circular filters were used for deformation evaluations of emulsified droplets. These 
were all produced as 47 mm diameter disks to suit standard filtration and test 
equipment. Two materials were used, the perforated Yeco from Stork and Nuclepore 
polycarbonates. 
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3.6.4.2 Nickelfilter 
A single Veco filter was used in all deformation work. It started as a sample of Stork 
Veco taken from a sheet of virgin filter and was then surface modified. A Coulter 
Porometer analysis of this filter is presented in the results Chapter 6. 
3.6.4.3 NUcleporefilters 
NUclepore filters are true surface filters possessing straight circular pores of short 
length, which are capillary like in nature. They are produced from a film of 
polycarbonate 10 - 20 flm thick, which has been through a process of track etching. 
This involves exposing the film to a beam of ionising radiation causing tracks of 
damage through the medium, which can then be etched to produce pores. The pore 
density is dependent on the residence time in the irradiator whilst the pore size is 
determined from the etching time. Both are independent of one another and can be 
varied to give the desired filter properties. The pore layout is random with some 
patches of the filter having few pores whilst others have many. This is solely due to 
the randomness of where the ionising radiation tracks through the polycarbonate film 
occur. 
The filters used were four differently sized NUclepore filters supplied by Costar 
(1992) with pore sizes of2, 5, 8 & 10 flm. The manufacturers data is presented below 
in Table 3.2. Each was used, as supplied by the manufacturer, with a coating of 
polyvinyl-pyrrolidone (PVP). This is an additive to make the hydrophobic 
polycarbonate to be hydrophilic in nature and essentially flash wet (Costar, 1992). 
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Table 3.2: Physical properties ofNuclepore filters, from 
Costar (1992) 
Rated pore Nominal open Rated pore Nominal 
size area density thickness 
(J.lm) (%) (pores m") (J.lm) 
2 6.28 2 x 1010 10 
5 7.85 4 x 109 10 
8 5.03 I x 109 7 
10 7.85 1 x 109 10 
The properties of the Nuclepore filters can be seen in the following six images which 
are SEM's of the 2, 5 & 10 J.lm filters at two different magnifications only to facilitate 
comparisons. The random pore packing can be readily observed in Figure 3.18, where 
large areas possess very few pores whilst others are of high pore density. 
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Figure 3.17: Close up SEM of a few Figure 3.18: SEM of multiple pores in a 
pores in a 2 J.lm Nuclepore filter. 2 J.lm filter. Note the randomness of the 
pore distribution. 
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Figure 3.19: Close up SEM of three Figure 3.20: SEM of multiple pores in a 5 
pores in a 5 Ilm Nuclepore filter. Ilm Nuclepore filter. 
Figure 3.21: Close up SEM of two pores Figure 3.22: SEM of mUltiple pores in a 
in a 10 Ilm Nuclepore filter. 10 Ilm Nuclepore filter. 
3.7 PORE SIZE ANALYSIS OF FILTERS. 
Evaluations of filter pore size distribution were conducted for both tubular and for 
circular discs using one of two methods. For the tubular filters a bubble point rig was 
used specifically altered for the filters. Whilst for the circular discs a Coulter 
Porometer II was used. 
The bubble point rig for testing of the tubular filters consisted of a liquid filled bath in 
which the filter was wetted, and a small frame to suspend the filter above the bath for 
wet flow tests, see Figure 3.23. A compressed air supply was fitted to one end of the 
filter with a pressure transducer and gas rotameter in-line for measurement of pressure 
and flow. The other end of the filter was plugged with a suitable bung. Results were 
repeatable with careful manipulation of the pressure of the air supply. 
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Figure 3.23: Schematic for the tubular filter bubble point rig. 
Experimental evaluations of pore size distribution for the 47 mm diameter circular 
filters were conducted using a Coulter Porometer 11. This was an automated device 
where a wetted filter was placed in a holder and fastened in. The unit then 
automatically conducts a wet and a dry test between two operator set pressures and 
produces a set of data of pore diameter and pore flow fraction, equivalent to pore 
volume. The wetting liquid used for the Veco filters was the aqueous waterlPV A 
solution used in filtration evaluations. This produced stable and repeatable results 
whereas tests using Coulter Porofil gave unreproducible results. The contact angle 
used for this work was as found in sessile drop testing of this liquid as 27.5°. 
All filter characterisations are in Chapter 6, In combination with filtration areas, 
material type and other characteristics. 
3.8 FILTER TESTING RIG 
3.8.1 Introduction 
Evaluations of the filter types outlined in Section 3.6.2 were conducted with a purpose 
built filtration rig. This consisted of a pair of 200 litre steel drum feed and retentate 
tanks with a peristaltic feed pump for flow through a flat sheet filter module. Filter 
evaluations were all performed with a 1000 ppm emulsion, which was passed from 
one tank to the other during experimentation. 
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3.8.2 Test liquids 
The test liquid for the filter evaluations was a 1000 ppm kerosene emulsion. This was 
produced in two stages, an emulsion stock and the final emulsion. The emulsion 
stock consisted of 150 mls of kerosene, BDH heavy distillate, added to a large mixing 
vessel previously filled with 800 mls of de-ionised water, filtered to 0.2 ).lm, and 1.6 g 
of polyvinyl alcohol. To produce the emulsion stock this was agitated by a Citenco 
mixer driving a four blade paddle stirrer at a speed of 1500 rpm for 10 minutes. 
The test emulsion was then manufactured by adding this emulsion stock to the feed 
tank of the rig, which contained 150 litres of mains tap water, filtered to 0.5 ).lm and 
300 g of PV A. Gentle agitation by the tank mixer was sufficient to keep the contents 
well stirred and emulsion break down to a minimum. The resulting emulsion 
typically consisted of 1000 ppm of oil and 2 g 1-' of PV A. 
3.8.3 Experimental apparatus 
3.8.3.1 Flat sheetfilter module 
The flat sheet filter module consisted of two separate sections, the base and the top, 
illustrated in Figure 3.24 to 3.26. The base consisted of a section of clear perspex 
machined to give a rectangular flow channel of 3.2 mm height and 19 mm width. The 
length of the section was 560 mm with recessed "0" rings at the edges extending the 
full length of the filter to ensure sealing. The top consisted of a further section of 
machined perspex, which possessed a recessed section into which a filter and 
perforated brass support of 305 mm length and up to 60 mm width could be placed. 
This was sealed into place with copious quantities of silicone sealant around the edges 
of the filter. Below the filter was a permeate collection area of 12 mm depth which 
had three broken ridges down its length for filter support and as a channel for the 
permeate liquid to flow to the permeate outlet. This outlet was offset slightly from the 
middle of the top section. 
Both of these sections had 12 bolts on each side to allow them to be clamped together 
and two screwed holes in either end for connection to inlet and outlet end pieces. 
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These consisted of two identical perspex pieces, which sealed to the unit using "0" 
rings and silicone sealant. Flow to the filter was modified from a circular feed pipe to 
rectangular channel by machining the end pieces with an inside shape for liquid flow 
somewhat like a flattened cone. 
The filter unit was inserted into the rig so that the filter was face downwards, with the 
permeate take off rising vertically. This ensured that creaming of the emulsion did 
not reduce the feed concentration at the filter surface as it could if the filter was on the 
bottom of the filter unit. This means that the oil concentration at the filter surface 
would always be equal to or possibly higher than the bulk concentration. However 
creaming was minimised by operating conditions that produced some degree of 
turbulence and so promote homogeneity of the emulsion. 
Filter supporting 
ridges 
• 
-" 
Base Unit 
Permeate 
channel 
.. 
! 
Filter Filter and 
channel Sl1!1!10rt 
Top unit 
I 
Clamp bolt 
Figure 3.24: Cross sectional view of the flat sheet filter 
module. 
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Figure 3.25: Flat sheet filter module with Figure 3.26: Close up view of the filter 
permeate take off on the bottom. 
3.8.3.2 Experimental rig 
module upside down. Note the ridges for 
filter support. 
The backbone of the experimental rig, Figure 3.27 & Figure 3.28, was a pair of steel 
drum feed and retentate tanks of 200 litres capacity which were mixed by large three 
blade paddle stirrers and variable speed motors. These possessed common piping of 
20 mm NB copper to allow either to be used for feed or retentate. The tanks were 
connected to a large Watson Marlow peristaltic pump of 1-10 I min·' capacity for feed 
flow to the filter unit. The liquid from this flowed through a Litremeter volumetric 
flowmeter before entering a plastic pipe of 40 mm NB, to stabilise liquid flow, prior 
to the filter unit. There was a pressure gauge upstream and downstream of the filter 
unit. From the filter the liquid flows to a backpressure valve before passing to either 
of the two tanks for collection as retentate or as a recycle. The permeate side of the 
filter consisted of a pressure gauge followed by a needle valve to control permeate 
pressure and a short connecting pipe to minimise permeate volume in the filter. Flow 
measurement of this was achieved by using a measuring cylinder and stopwatch 
method. 
Control of the filtration was achieved by setting the feed flowrate using the rpm meter 
on the peristaltic pump, combined with the flowmeter, with filtration pressure set by 
the backpressure valve downstream of the filter outlet and the permeate pressure by 
the permeate valve on top of the filter. The inlet and outlet pressures were measured 
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using three pressures gauges on the inlet and outlet sections of the filter. 
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Figure 3.27: Schematic of the filtration rig. 
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The emulsion droplet size could be reduced by the use of a centrifugal pump in place 
of the peristaltic pump, with the liquid diverted around the filter unit and entering a 
tank via a valve, whose position could be adjusted to vary the liquid residence time in 
the pump. The combination of the pump and the pressure loss across the valve 
controlled the level of emulsion break-up that occurs. 
3.8.4 Experimental procedure 
Filter evaluations were conducted with identical procedures for each filter and with a 
fresh emulsion for each. These consisted of four tests, each with four flux 
experiments conducted within a single pass of the feed emulsion. Between each test 
the emulsion size was reduced by use of the centrifugal pump, where the outlet valve 
was set to an experimentally determined position depending on the emulsion size 
desired. Typical emulsion sizes for each test are shown in chapter 7: Figure 7.2. 
These tests consisted of four experiments where flux was maintained constant by 
adjustment of the permeate valve. The fluxes in order of testing were 200, 500, 700 
and 200 I m" h". 
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Figure 3.28: Construction of the filter test rig. 
Flux control was assessed by frequent measurements of the permeate flow using a 
measuring cylinder and stopwatch with the TMP adjusted as required. For each 
fluxrate measured the system pressures, inlet, outlet and permeate were recorded. 
During the experiment samples were taken of the permeate and retentate for rejection 
analysis. 
3.8.5 Experimental analysis 
Analyses of experiments were conducted for rejection and fouling assessments. The 
rejection was assessed during the experiment by analysing all samples for turbidity in 
a Hach Turbidity meter. These samples were then taken for immediate analysis for 
emulsion size distribution in a Coulter LS 130 laser sizer. Filtration fouling was 
assessed using calculated filtration resistances and measurements of pressure rise. 
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3.8.6 Base pressures 
The base pressures ofthe rig are the pressures at which the filter is at prior to filtration 
commencing and was used to determine the trans-membrane pressures. For this flat 
sheet filtration system the base pressure were determined experimentally by recording 
the pressures produced for a series of feed flowrates whilst no permeation is 
occurring. From this data the base pressures were able to be determined for any feed 
flow. 
3.9 MAIN FILTRATION RIG 
3.9.1 Introduction 
Filtration evaluations of the Veco filter were predominantly performed usmg a 
purpose built rig. This combined a tubular filter module with crossflow through its 
centre and the ability to use a variety of filtration inserts inside the filter to enhance 
flow conditions. This was combined into a rig capable of backflushing with air and 
with feed tanks of 1000 litres. These allowed long run times so that a series of tests 
could all be performed in one pass of the feed and therefore all use an identical feed 
emulsion size. 
Filtration evaluations were conducted on a range of different pore sizes of the Veco 
filter arranged in both normal and reversed orientation. These were combined with 
evaluations of filtration inserts consisting of a rod insert and three helical inserts. 
When fouling occurred a backflush device was operated utilising an air system and a 
rotating valve. Further inserts consisting of an insulated rod and helix, both with bare 
ends, were also utilised with a technique to produce bubbles in the filter inlet using the 
inserts as electrodes. The intent was to enable bubbles to adhere with oil drops and 
raise the apparent drop size, which will enhance filtration at filter pores and with a 
combined density lower than the oil will be affected greater in helical flow fields. 
3.9.2 Test liquids 
The emulsion for use in the mam filtration rig was manufactured in a two-stage 
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process consisting of an emulsion stock and a final emulsion of 1000 ppm. The 
emulsion stock was manufactured through the combination of 1.5 litres of the typical 
aqueous phase of 0.2 g \"' PVA in de-ionised water (filtered to 0.2 Ilm), combined 
with 1220 g of standard oil stock. This was mixed in a large vessel by a four bladed 
paddle stirrer operating at 1500 rpm for ten minutes and produced a mixture of 
400,000 ppm kerosene. The resulting stock was then added to the main tank of the 
rig, previously filled with 1000 litres of 0.5 Ilm filtered mains tap water and 0.2 g 1-' 
of PV A. The resulting emulsion consisted typically of 1005 ppm oil and 4.2 ppm 
copper. Exact numbers were calculated from the recorded quantities of each 
constituent, with the tank VOlUI)1e determined from its dimensions and the water 
height. 
For electrically enhanced tests the feed emulsion was modified by the addition of 
quantities of sodium nitrate. This enhanced the electrical conductivity of the emulsion 
considerably and facilitated the production of bubbles on the insert electrode. The 
quantity of sodium nitrate (Fisons SLR) was variable as it was added until a 
conductivity of 2.2 mS cm-' (measured by WPA CMD-80 conductivity meter) was 
obtained. Typically, the mass of sodium nitrate required was 1.1 kg in 1000 litres. 
3.9.3 Experimental apparatus 
The main rig apparatus can be separated into six di fferent components, the tubular 
filter, the filter holder, the backflush valve, the filtration inserts, the electrode filtration 
inserts and the main rig. Each is detailed in the following sections. 
3.9.3.1 Tubular filter 
Tubular filters were constructed from a flat sheet of the Veco filter material which had 
been wrapped around a 14 mm diameter mandrel, with a 5 mm overlap, and soldered 
into a tube. This was then assembled with two end pieces, Figure 3.29, machined 
from 20 mm NB stainless steel pipe with internal diameter of 14 mm and a small 
recessed butt for the filter to sit against. A seal was ensured by external soldering. 
Once complete a typical filter had an internal diameter of 14 mm and usable filtration 
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length of 330 mm. 
25mm 
'[' ~~~~~~~~~' ~~~'~~~== ";'4 »>; I _._1 ,: I mm _ 155 mm 
14 mm I I Filter 
-1- [======:::::;==~ ___ _ 2.5 mm _t 1 
Figure 3.29: Tubular filter end piece. 
3.9.3.2 Tubular filter "older 
The filter housing was constructed from a section of 1" NB stainless steel piping with 
an inside diameter of 25 mm and threaded externally on both ends, see Figures 3.30-
3.31. End caps were then constructed to fit the pipe with a '/.," internal threaded hole 
in the centre. Into this hole a '/.," Swagelock fitting was attached. These were 
machined internally to give a continuous internal diameter of 20 mm, slightly larger 
than the tubular filter end pieces with a slightly taped end. The shell of the housing 
was fitted with three screwed tappings to allow the attachment of piping for permeate 
removal, compressed air inlet and for pressure measurement. 
prFE collet Permeate Stainless steel Stainless steel 
\ 
Nick/el filter t HOUSing / end cap 
Stainless steel / 
end piece ~=i-./===='J'l L'Q====.==::::=.5'li....:::;:J Stainless steel 
------. Cl ="-=1-~~:-..l..... ____________ ::::::.;;::~=~·-::J1 Swagelock nut 
Fluid flow... ... Retentate 
J r;LJ=====;l [j==~:;;,i~ IStainless steel t J( Swagelock fitting 
Air inlet Pressure gauge 
& transmitter 
Figure 3.30: Tubular filter and the filtration module. 
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Figure 3.31: Tubular filter module showing penneate valve, 
pressure gauge and pressure transmitter. 
Assembly of the unit was achieved by inserting the filter down through the end 
fittings until it extended out of both ends. It was then secured in place using wedge 
shaped PTFE collets, which fitted into the end of the Swagelock fittings and tightened 
by hand. This ensured a water tight seal. The whole unit was attached to the rig 
piping using further identical Swagelock fittings, which had been screwed into the 
pipework. PTFE collets were again used for the watertight seal. 
3.9.3.3 Filtration inserts 
Filtration inserts are used within the tubular filters to modify the fluid dynamics of the 
feed emulsion. The effects that are of interest are to reduce the filtration channel 
volume by the insertion of a rod down the filter axis and to produce some degree of 
centrifugal motion on the less dense oil droplets by forcing the fluid to flow down a 
helical path within the filter. This helical path can be produced with an insert similar 
to a screw in appearance. The inserts designed to achieve the desired hydrodynamics 
are illustrated in Figure 3.32 with the helical inserts produced with three differing 
pitches. Photographs of the manufactured inserts are shown in Figures 3.33 and 3.34. 
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Figure 3.32: Filtration inserts, rod and three helices . 
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Figure 3.33: Rod insert and helical insert Figure 3.34: Helical inserts of pitch 14, 
of pitch 14 mm. 42 & 70 mm. 
All filtration inserts are 690 mm long and formed with a central rod of smooth 
titanium of 5 mm diameter. Each was designed to fit into the tubular filter as shown 
in Figure 3.35, with a 25 mm length extending into the feed side of the filter and a 345 
mm long trailing section after the filtration surface. The end of this section is 
threaded to fit into aY-shaped end piece with a small metal plug in its end. 
Helical inserts were formed by winding a length of 4.5 mm diameter rubber "0" ring 
material around the titanium rod at the required pitch length. This was initially 
affixed with superglue, which was strengthened by pouring liquid epoxy into the 
crevice between the rubber and the rod. The length of rod covered with "0" ring 
material was typically 335 mm, of which 15 mm extended upstream of the filtering 
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surface. This allows the helical flow to be initiated prior to it entering the filtering 
regIOn. The combination of rod and "0" ring produced an insert with an outside 
diameter of 14 mm which tightly fitted inside the tubular filter and prevented any 
peripheral liquid flow down the filter surface. Three helical inserts were 
manufactured with pitch lengths of 14, 42 and 70 mm. These are equivalent to one, 
three and five times the filter diameter. 
Swagelock 
345 mm rytting ,Insert 
/ >1/ end piece 
IiiilJ1 1 A Insert 
...... '0.----- holder 
nu 1QQC1r=---------.... ~ Fluid ~ flow 
Figure 3.35: Filtration insert orientation within the filter and 
insert end piece. 
Inserts were held axially within the filter at the downstream end by the end piece and 
at the upstream end by a small three-pronged plastic end piece of 14 mm diameter. 
This was omitted for the helical inserts as the windings of the helix ensured axial 
positioning due to the tight fit inside the filter. 
3.9.3.4 Electricalfiltration inserts 
To produce electrolytically generated bubbles a pair of inserts, a rod and a 14 mm 
helix, were produced as in Section 3.9.3.3, however they were covered in a 0.5 mm 
thick insulating sheath, see Figures 3.36-3.38. This was applied as a 15 mm tube and 
shrunk to fit by the use of an electric hairdryer until a tight fit was apparent over the 
insert surface: A short 25 mm section of the rod was left exposed at the upstream end 
of the insert to be used as the electrode. Direct current was produced by a small 
power source (Thurlby 30Y 2A) with connections to the inserts trailing end and to the 
shell of the tubular filter housing. This was connected to make the insert the anode 
and the shell the cathode. 
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Figure 3.36: Filtration inserts for tests requiring 
electrolytically generated bubbles. 
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Figure 3.37: Rod and 14 mm pitch Figure 3.38: Bare ends of inserts for 
helical insert for electrical tests electrolytic generation of bubbles 
3.9.3.5 Experimental rig 
The main filtration rig consisted of the tubular filtration module described above 
connected between 1000 litre feed and retentate tanks in the arrangement of Figure 
3.39. The two tanks were continually mixed by large three bladed paddle stirrers, 
with variable speed controllers, to prevent emulsion creaming. Emulsion feed flow 
was produced using a large Watson Marlow, model 603S, peristaltic pump with 
piping of 15 mm bore and maximum tlowrate of 20 litres per minute. This flowed 
through stainless steel pipework of 16 mm internal diameter connecting the tubular 
filtration module between the tanks. 
A large rotameter (Platon 2-22 I min"), was fitted in-line followed by a magnetic 
tlowmeter, Krohne (model IFe 080 0-20 I min"), for flow measurement. Pressure 
measurements were taken using three pressure transducers (Transinstruments, 0-1 
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barg) and three pressure gauges (0-30 psi), as visual checks, placed in the filters inlet, 
outlet and permeate lines. These transmitters and the flowmeter were connected to a 
data logging computer (Elonex - 420) which recorded the inlet, outlet & permeate 
pressures and feed flowrate with time. The data logging software was adjustable to 
give readings per set time interval; this was set to 30 seconds with 5,000 data readings 
taken per data point recorded. This minimised momentary variations in values and 
gave the average values over the thirty-second period. 
Pressure control of the rig was achieved through the manipulation of a ball valve in 
the retentate line, V2, and a needle valve in the permeate line, V3, whilst feed flowrate 
was controlled by manipulation of the speed controller on the peristaltic pump. 
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Figure 3.39: Schematic of the 1000 litre tubular filtration rig. 
3.9.3.6 Backflush valve 
1000 L 
Tank 
The process of back flushing was used in this work to hinder and prevent fouling by 
the use of compressed air pulses into the permeate side of the filter. This was desired 
to be very frequent, of the order of once a second and for a minimal length of time. 
To achieve this a rotating valve assembly was constructed, see Figure 3.41, where the 
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central core was rotated by an electric motor (Citenco). This worked by using two 
pathways, a liquid and a gas. For most of the time the liquid pathway was open whilst 
the gas path was closed as the inlet-outlet and channel were not aligned. Twice per 
revolution of the core the air pathway was aligned whilst the liquid path was closed by 
two small rubber seals, and so gas was passed along the channel. 
Figure 3.40: Structural arrangement of the tubular filter rig. 
Note the rotameter & flowmeter on the right hand 
vertical pipe and insert holder & backflush valve 
on the left-hand side of the picture. 
The valve was combined with the filter housing so that the two paths connected to the 
base of the filter housing, see Figure 3.30. During normal operation the permeate 
flowed down this path, and when the backflush was operated a short pulse of air 
forced the liquid and air in the pathway back through the filters pores and into the feed 
channel. Typically, this pulse of air was at a pressure of 2-5 psi above the feed 
channel pressure. This minimised crushing forces on the outside of the filter, which 
due to its design was not very rigid to compressive forces. 
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Figure 3.41: Rotating valve assembly with the central core 
partially removed. Note the "0" rings separating 
the gas and liquid side. 
3.9.4 Experimental procedure 
The experimental procedures for filtration tests are detailed in the following sections. 
The main part of any experiment was the flux decay test and this is described in detail 
along with the procedures for rig start-up and operation. The experiments dealing 
with electrical and backflush enhancements are detailed in brief later in this section 
only when their process deviated from a typical flux decay experiment. 
3.9.4.1 Filtration start-up 
It was very important not to foul the filters pores prior to any filtration run, as this 
would produce erroneous experimental results. A main cause of this is the start up 
process of the unit where an air filled permeate side can allow excessive initial liquid 
permeation flow as the air will compress considerably to equalise the pressures in the 
system. This was prevented by filling the permeate side with clean water before the 
feed pump was started. The only surge in permeate flow was that little amount 
needed to equalise the pressures within the system and so this cause of fouling was 
minimised. 
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Flow of liquid through the system was achieved by opening the in-line valves and the 
retentate valve whilst closing the permeate valve. The flow was then initiated by 
turning on the peristaltic pump at about I I min" flowrate whilst the piping filled up 
and the system became stable. At this point, the rig was ready for test conditions to be 
set. 
3.9.4.2 Standardjiltration test 
Once the feed flow has been started using the start-up procedure, the filtration 
conditions can be set. To achieve this the feed flowrate was gently adjusted towards 
the desired value using the peristaltic pump speed controller with the liquid flow 
determined by the attached rotameter and flowmeter. Once the flowrate was 
satisfactory the flow was allowed to run for one minute to allow the system to steady 
down and then the data logging was started. The first two to four minutes were 
conducted with no filtration, and no applied backpressure, to determine the steady 
state conditions. At this point the filtration pressures were set. This was performed 
using the retentate backpressure valve to give a desired inlet and outlet pressure. 
To start filtration the permeate valve was gently opened over a ten to twenty second 
period until the desired initial fluxrate was obtained, measured with a stopwatch and 
measuring cylinder. This prevented any initial high fluxrate of liquid and therefore 
minimised any filter fouling because of start up. Once the desired flow was obtained 
the filtration was allowed to proceed at constant pressure. The actual filtration tests 
were run for a set time or until flux decay produced results that met experimental 
criteria, typically this was when the fluxrate reached y., of its initial value. 
Assessment of the test performance was achieved by the data logged flow and 
pressures combined with frequent fluxrate measurements and occasional samples of 
permeate and retentate, taken for rejection analyses. These samples were prevented 
from demulsifying by placing on a gently moving sample shaker to keep the sample 
bottle contents well mixed. 
Typically, at the end of a test run the permeate valve was closed and the filter surface 
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was allowed to self-clean using the feed flowrate as a scourer, elevated flows were 
used where deemed appropriate. The filter cleanliness was checked by opening the 
permeate valve to relieve the permeate pressure and then closing it again, whilst 
recording the time for the permeate pressure to rise to the system pressure. If this was 
immediate then the filter was clean, if it required some time greater than 5-10 seconds 
then the filter was considered to still be fouled and the filter was allowed to clean for a 
further time. If it did not self-clean then more aggressive cleaning techniques were 
required. To achieve this the filter was removed and placed in a bath of hot Ultrasil 
50 overnight, (acidic cleaner of pH 5) followed by a bath of clean water for a day to 
wash any chemical residue away. 
3.9.4.3 Filtration with Backflllshing 
During normal filtration operations the backflush valve was left in the fully open 
position for permeate flow. However, when a filter fouled sufficiently to require 
testing with back flush then this was initiated by turning on the attached electric motor 
to the desired speed, and therefore the desired pulse frequency. The feed air pressure 
was also adjusted to a value typically 5 psi greater than the feed pressure. The 
filtration was assessed in the same way as a standard filtration test, with additional 
data included as to the air pressure and the pulse frequency. 
3.9.4.4 Electricallyenhancedjiltration 
Electrically enhanced filtration was initiated during flow of liquid through the system 
by switching on the power supply to the required current setting. The power supply 
automatically held the current constant by varying the voltage as required. 
Experiments were performed by a three step process whereby a single flux decay 
experiment was studied using a fixed current, A, then no current and finished with 
current A, with no filter cleaning between each. As a comparison, the filter was then 
cleaned and a test with no current performed. 
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3.9.5 Base pressures 
The base pressures of the system are the pressures at which the tubular filtration rig 
was at prior to filtration commencing and were used to determine the trans-membrane 
pressure. These pressures were obtained by setting up the filtration rig to a given 
flowrate and to a set 200 I m" h" fluxrate and then closing the permeate valve. Once 
steady state was achieved the values of the inlet, outlet and permeate pressures were 
the base pressures. This was repeated for a range of flowrates and for each insert 
configuration. 
3.9.6 Experimental assessment 
At the conclusion of an experiment a number of samples of permeates and retentates 
were produced. These were taken for immediate size analysis using a Coulter 
Multisizer 11 or Coulter Lasersizer (analysis method, Section 3.5). After this analysis 
they were individually prepared for concentration analysis by placing a sonic probe 
(Branson sonifier 250) into the sample and sonicating at an 85 Watt output for thirty 
seconds. At the end of this period the emulsion had been thoroughly smashed up to a 
significantly smaller size distribution. The resulting samples were all stable for a 
number of days with no coalescence observed. These samples were then analysed for 
concentration in an atomic absorption analyser using calibration standards of an 
aqueous copper solution. Exact methods are detailed in Section 3.2. 
Once analysed the samples were each defined by a copper concentration and a size 
distribution. Using this data a number of experimental results can be derived, these 
are the oil concentration, the emulsion rejection and the sample Sauter mean diameter. 
The oil concentration was calculated from the samples copper concentration knowing 
the ratio of copper to oil in the oil stock, whilst the emulsion rejection was simply 
calculated from matching permeate and retentate samples, as one minus the permeate 
divided by the retentate concentration. The sample Sauter mean diameter, Xsv, was 
calculated from the size distribution using Equation 3.1, where Vi is the incremental 
volume of droplet size di. 
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Equation 3.1 
At the end of each experiment the logged data could be analysed by converting the 
digital information to physical data using previously obtained calibration data. This 
produced five data series namely the time, the inlet, outlet & permeate pressures and 
the feed flowrate. These were plotted graphically against time for a visual check of 
how the experiment proceeded and specifically to determine if erroneous data or 
insufficient data was obtained. From this data the TMP with time was derived using 
the base pressure calculation of Section 3.9.5. Following from this the channel 
Reynolds number, the channel velocity, the g-factor, the wall shear and the power 
dissipated was determined (see Chapter 4 for full details). 
The last step to analysing an experiment was to take the permeate flowrates which 
were recorded manually and convert them into permeate fluxrates. This was plotted 
with time to analyse for flux decay rates and the effects of each experiment or 
parameter on the flux. 
3.10 DEFORMATION TEST RIG 
3.10.1 Introduction 
Evaluations of droplet deformability were performed in a purpose built rig that allows 
accurate measurements of trans-membrane pressure and fluxrate with both Veco and 
standard Nuclepore filters. The aim of the rig was to obtain permeate samples and 
directly analyse for droplet deformability at a wide range ofTMP's. 
3.10.2 Test liquids 
The emulsion for deformation tests was produced in a two-stage process consisting of 
an emulsion stock and a 1000 ppm emulsion. The aqueous phase of the emulsion 
stock was 200 g of 0.2 /lm filtered PVA solution containing 0.2 g 1.1 PV A in de-
ionised water, whilst the organic phase was 3.5 g of standard oil stock. These were 
3-43 
mixed with a four bladed paddle stirrer for ten minutes at a speed found to give the 
desired droplet size, typically this was 1500 rpm. This was then placed upon a 
magnetic stirrer, to prevent demulsification, and was considered ready for use in 
filtration experiments. At the beginning of the next day this was disposed of and a 
fresh stock was produced as emulsion break-up overnight was not desirable in the 
emulsion. 
To produce the 1000 ppm emulsion for deformation testing 18 mls of this stock was 
pipetted into a measured volume of 0.2 g I·' PVA solution in the experimental rig. 
This liquid volume varied slightly but typically was 225 mls. 
3.10.3 Experimental apparatus 
The deformation test rig was a small lab bench unit illustrated by Figure 3.42. It 
consisted of a small cylindrical feed tank, constructed of clear perspex with a volume 
of 267 mls, and a screwed base, both of which contained inset "0" rings. Between 
these two a 47 mm diameter filter would be trapped and sealed into place by the "0" 
rings giving a usable filtering diameter of 40 mm. This arrangement was satisfactory 
for the Veco filters which were rigid but was altered for the tissue like Nuclepore 
filters by placing a perforated brass support in the base of the rig, followed by the 
Nuclepore filter and topped by a machined PTFE gasket of I mm thickness and 40 
mm liD. This was used to prevent the filter tearing when the feed column was 
screwed into place. Once assembled a three bladed paddle stirrer was inserted 
towards the bottom of the feed tank to provide fluid agitation and to alleviate any 
fouling of the filter surface during filtration. 
An outlet existed at the bottom of the rig's base unit to which a short length of hose 
and a valve were attached. This was used to control the permeate pressure which was 
measured using a small water manometer. Attached to the bottom of this valve was a 
sample point and when required a small vacuum pump which was used to give higher 
TMP's. 
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Figure 3.42: Droplet defonnation test rig. 
Figure 3.43: Structure and arrangement of the deformation test 
rig. Note in the right hand picture the filter, filter 
support and the PTFE gasket. 
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3.10.4 Experimental procedure 
3.10.4.1 Start up 
A start up process was required to minimise initial fouling of the filter and to provide 
identical starting conditions for all tests. It began with cleaning the filter to be used, 
unless a Nuclepore was chosen in which case a fresh sample was used every time. For 
the Veco filters, which were used repeatedly, a somewhat rigorous cleaning regime 
was utilised to ensure that all foulants were removed from the surface. To achieve 
this a three step method was found to work best. Initially the dirty filter was cleaned 
in pure soap to remove residues of oil and PV A; it was then rinsed in running water 
until clean. This filter was then blown dry by low pressure compressed air and placed 
into a sample bottle containing fresh acetone. This bottle was placed in a sonic bath 
(Fritsch laborette) for at least two minutes before being removed and blown dry again. 
The now clean filter was then placed in a bottle containing 0.2 /lm filtered de-ionised 
water, which was sonicated for at least five minutes. At this point, the filter was 
judged to be clean. 
Rig assembly was initiated by filling the manometer and base of the unit using 0.2 g l' 
1 PV A solution with the filter placed into the base and covered in further liquid. The 
feed reservoir was then attached and the unit clamped onto a support frame with the 
mixer inserted as close to the filter's surface as possible. Further PV A solution was 
then poured into the feed reservoir to a given height and the unit was allowed to stand 
until the manometer had reached equilibrium. The emulsion was then produced by 
pipetting 18 mls of emulsion stock into the feed reservoir and mixed to homogeneity 
to give approximately 1000 ppm of oil. At this point the rig was ready for an 
experiment to begin. 
3.10.4.2 Standardfiltration test 
Filtration runs were started by opening the outlet valve gently and allowing permeate 
flow to start gradually. This valve was then adjusted very carefully until the desired 
operating manometer height was obtained and maintained at this by careful 
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manipulation. Sufficient time was then allowed for the clean water under the filter to 
be replaced by permeate, at which point the experiment was considered to have 
started. At this point a fluxrate reading and a representative penneate sample were 
collected with the actual timing dependent on the experiment being performed. For 
the Nuclepore filters, this sample was taken immediately as fouling occurs rapidly for 
small pore sizes. With the Veco filters fouling was considerably less significant and 
samples were instead taken at set feed reservoir heights to allow all experiments to be 
identical. The reservoir height at the start of permeate collection was recorded as well 
as the permeate volume and the time of collection. The filtration run was then 
stopped and the liquid height and a retentate sample were taken. The experiment can 
be restarted at this point and further permeate and retentate samples taken as desired. 
3.10.5 Experimental assessment 
At the end of each experiment a number of details had been recorded. These were the 
reservoir height before and after a permeate sample was taken, the manometer height 
during the permeate collection period and the permeate volume and its time of 
collection. From these, the average TMP and the fluxrate can be calculated, with the 
usable filter diameter taken as 40 mm. 
In addition to this data a pair of emulsion samples were obtained which, as before, 
were analysed for emulsion size distribution and concentration. This allowed the 
rejection and the sample Sauter mean sizes to be calculated. 
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CHAPTER FOUR 
4. FILTRATION THEORY 
4.1 FILTRATION PARAMETERS 
To accurately describe the results of an experiment it is important to know the true 
trans-membrane pressure (TMP). Normally this is achieved by taking the average of 
the inlet and outlet pressures and subtracting the permeate pressure. This however 
does not take into account the inherent pressure produced by the flow of the feed 
through the filter and the physical differences in the positions of pressure 
measurement. For example, two pipes of different diameter will for the same feed 
flow produce different pressures within the pipe, such that if the pipeline where the 
pressure measurement is taken is different in diameter to that of the filter then there 
will be a discrepancy in the true filtration pressure. In essence when the permeate 
fluxrate is zero (i.e. permeate valve closed off) then there will exist a pressure at the 
three pressure transmitters proportional to the feed flowrate, this is the base pressure. 
If these base pressures are known for a range of flow rates then the TMP can be 
calculated simply as the increase in the inlet pressure minus the increase in the 
permeate pressure. Alternatively this could be the outlet rise minus the permeate rise, 
both will give the same value. It is calculated using Equation 4.1, where Pi is the 
instrument reading, Pie is the base pressure and JP is the true trans-membrane 
pressure. 1-3 refer to the inlet, outlet and permeate devices respectively. 
M = P, - I', - P" + 1'" 
M = P, - I', - 1'" + 1'" 
Equation 4.1 
The base pressures are dependent on the configuration of the filtration channel, with 
higher pressures produced when an insert is obstructing flow in the filter than when 
the filter contains no insert. 
4.2 FILTRATION PERFORMANCE 
The filtration process is driven by the trans-membrane pressure, JP, which produces a 
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fluxrate, J. This is related by the use of the dynamic viscosity and the total filtration 
resistance, RI- This latter is composed of the clean filter resistance to flow, Rm and 
the fouling resistance Rf and can be described by Darcy's' law, Equation 4.2. 
M=~(R",+Rj)J Equation 4.2 
The filtration performance can be described in terms of the TMP and fluxrate with the 
change in either fluxrate or total filtration resistance indicating the degree of fouling. 
Experimentally two other factors can be used to evaluate performance, the rejection 
and the grade efficiency. Rejection is the fraction of challenge material that is 
prevented from entering the permeate and is evaluated by Equation 4.3 where R is the 
rejection, C F is the feed concentration of the challenge material and C p is its 
concentration in the permeate. 
Equation 4.3 
The grade efficiency of a filtration experiment is a method where the rejection of each 
challenge size can be evaluated. This requires that the volume size distribution and 
concentration of the feed and permeate be known where Vpi is the volume fraction of 
drop size i in the permeate and similarly V Fi for the feed. The rejection or grade 
efficiency of each drop size i is then approximated by Equation 4.4 and can be 
presented graphically as grade efficiency versus drop size. 
GE =1- Vp; Cp 
, V, .. , CF 
Equation 4.4 
4.3 FILTRATION USING FLAT FILTERS 
The fluid behaviour in the filter cell can be readily described in terms of the channel 
velocity, the channel Reynolds number, the trans-membrane pressure and the wall 
shear. Each can be described algebraically by simple well-known relations. 
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A rectangular flow channel geometry can be described by a width, w and a height h 
according to Figure 4.1. The velocity of the flow through this channel is a function of 
the bulk feed flowrate and the cross sectional area to flow by Equation 4.5. 
Figure 4.1: Rectangular flow channel for filtration. 
Equation 4.5 
The Reynolds number of the flow can be derived from the well-known equation 
replacing the pipe diameter with the hydraulic mean diameter, Equation 4.6. This 
diameter is derived from Equation 4.7 to be Equation 4.8. 
Re = pV,d" 
f.l 
d
h 
= 4(Areaopento flow) 
Welled perimeter 
d
h 
= 4(wh) = 2wh 
2(w + h) w + h 
Equation 4.6 
Equation 4.7 
Equation 4.8 
The wall shear stress created by a fluid in a channel is a measure of the forces exerted 
upon a solid surface by the flow across it. It can be used to quantify the forces 
sweeping the surface of a solid, which are a main factor in hindering particulate 
deposition and aiding foulant removal. The wall shear stress, Rw, for a fluid in 
contact with a surface can be represented using laminar boundary layer theory by 
Equation 4.9 using terms for the dynamic viscosity of the fluid and the change in 
velocity, Vs' with position between two parallel plates, where s is the distance from the 
4-3 
centre line. The velocity profile of the flow can be obtained from any fluid mechanics 
text book (e.g. Coulson & Richardson vol. I, 1990: Holland, 1973) as Equation 4.10, 
where h is the height of the channel and Vc is the overall mean velocity through the 
channel. 
(dV,) R .. =-f! -ds,.<!'" 
2 
Equation 4.9 
Equation 4.10 
Differentiation of Equation 4.10 and insertion into Equation 4.9 produces an 
expression for the wall shear as Equation 4.11. 
R = 6f!v, 
.. h 
Equation L 11 / 
4.4 FILTRATION USING TUBULAR FILTERS 
4.4.1 Introduction 
Each insert configuration inside a tubular filter has a different channel for the flow of 
liquid to pass. This is circular for no insert, a circular annulus for a rod insert and a 
rectangular shape, wrapped around the filter and rod, for helical inserts. The flow of 
liquid within the tubular filter and around the inserts can be characterised to give 
quantitative data for the channel velocity, channel Reynolds number, g factor & cut-
off (a measure of centrifugal effects of helical inserts), pressure drop, trans-membrane 
pressure, wall shear and power dissipation. 
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4.4.2 Channel velocity and Reynolds number 
4.4.2.1 No insert 
Flow conditions within the no insert configuration can be determined from the 
standard equations for velocity and Reynolds number in a circular pipe using the 
geometry of Figure 4.2. Q is the bulk volumetric flowrate, Vc is the channel velocity, 
Ac is the channel cross sectional area, equal to '!.ndj where dfis the filter diameter. 
- .. 
Q 
-" 
Figure 4.2: Configuration and flow conditions for a tubular 
pIpe. 
The channel velocity is calculated by Equation 4.12 and the Reynolds number by 
Equation 4.13. 
Equation 4.12 
Equation 4.13 
4.4.2.2 Rod inserts 
The rod insert configuration consists of a tubular filter into which a rod has been 
inserted along the axis. To determine the flow conditions in this insert configuration 
consideration needs to be given to the symmetrical annulus through which the fluid 
must flow. The geometry of this filtration configuration is shown in Figure 4.3, where 
dr is the rod diameter. 
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Rod insert /tdf ,------'---,-\-------, n d,Q 
-1 
__________ ~~______ _T 
T, 
Filter 
Figure 4.3: Configuration and flow conditions for a tubular 
pipe with axially positioned rod. 
To calculate the channel fluid velocity the cross sectional area to flow is determined 
for the annulus by Equation 4.14. Using this the channel velocity becomes Equation 
4.15. 
A = 1t (d' _ d') 
c 4 f r 
Equation 4.14 
Equation 4.15 
The Reynolds number requires a calculation of the hydraulic diameter, dh, of the fluid 
channel to replace the filter diameter used previously. The hydraulic mean diameter is 
calculated using Equation 4.16, which becomes Equation 4.17 with substitution of Ac 
and the wetted perimeter. Rearrangement of this produces Equation 4.18, which can 
be simplified to Equation 4.19. 
d = 4(Area open to flow) 
h Wetted perimeter 
Equation 4.16 
Equation 4.17 
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Equation 4.18 
Equation 4.19 
The hydraulic diameter can be substituted into the Reynolds number equation to give 
the value for the annulus of flow as Equation 4.20. 
Equation 4.20 
4.4.2.3 Helical inserts 
The Helical flow channel is considerably more complicated to model than either the 
tubular or rod configurations. The actual flow channel is a complex shape, which is 
difficult to visualise. It can best be described as a rectangle that has had the bottom 
edge deformed around a small rod and the top edge deformed to fit into a tube. All of 
this at some angle away from a right angle. A 2-D representation of the insert 
configuration is shown in Figure 4.4. 
Q 
Pt 
.- Helical baffle 
.- Rod insert 
:.....--- .- Filter 
Figure 4.4: Configuration and flow conditions for a tubular 
pipe with a tight fitting helix. 
The flow conditions within the fluid channel can be calculated from measurements of 
the helix and filter channel. The path length of the helical path, L, is the length of the 
path the fluid has to take and this path has a total free volume to flow, V, which can be 
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calculated by a consideration of the volumes occupied in the filter. The total free 
space is 'f..rcdj, the volume occupied by the rod is 'f..rcdr'Lr , where Lr is the length of 
the rod that produces L. The volume occupied by the o-ring is 'f..rcdor'Lor, where Lor 
is the length of o-ring to produce the path length L. The summation of these three 
terms produces Equation 4.21. 
Equation 4.21 
The values of L and V allow the cross sectional area to the flow, Ac, to be defined as 
the free volume divided by the path length, Equation 4.22. With Ac defined, the 
channel velocity can be described by Equation 4.23. 
A = V 
C L 
Q QL 
v =-=-
C A V 
C 
Equation 4.22 
Equation 4.23 
The flow channel can be considered to be a deformed rectangle with area Ac and with 
a height of y,(dj - dr), therefore the equivalent width of the channel, dw, can be 
considered to be defined by Equation 4.24. 
Equation 4.24 
The equivalent hydraulic diameter of this flow channel can now be determined by 
considering the perimeter of the flow channel to be a rectangle of width dwand height 
y,(dj- dr), this gives Equation 4.25. The Reynolds number of the channel is equal to 
Equation 4.26. 
Equation 4.25 
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Equation 4.26 
4.4.3 Centrifugal properties of helices 
The flow conditions within the helical inserts and filter can also be described by the 
centrifugal forces generated due to the helical motion of the less dense oil droplets 
away from the filter surface. Two descriptors are commonly used to evaluate the 
centrifugal forces generated, the g-factor and the drop cut-off size. The g-factor is a 
ratio of the centrifugal to gravitational forces and is commonly used in the centrifuge 
industry (Holdich, 1996). The drop cut-off is the droplet size at which the centripetal 
forces away from the filter directly balance the convective force towards the filter by 
permeation. Both of these descriptors can be based on a droplet at any position within 
the flow channel however it is more common to base it at the outside of the channel as 
this is the position of interest when filtering on the inner surface of a tubular 
membrane. 
The actual helix can be described by two dimensionless numbers: the curvature, K, 
and the torsion, T. These are described in detail in the literature review, Section 2.8.7, 
and are presented below where a is a dimension of the helical duct, rh is the radius of 
the helix around the centreline and Pt is the pitch. 
ba 
T=~--;­
b2 +r2 h 
p, = 27tb 
Equation 4.27 
Equation 4.28 
Equation 4.29 
In the terminology of this work rh can be replaced by a consideration of the geometry 
of the insert configuration where it can be seen to be a combination of '/,dr plus Y. of 
dfdrwhich equals Y. of drdr. The value of a is a relation of the size of the duct and 
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for this work will be represented by half of the hydraulic mean diameter, dh. Using 
these two terms the dimensionless number equations can be rewritten with Equation 
4.30 for the curvature and Equation 4.31 for the torsion. 
Figure 4.5: Geometry of a helical flow path. 
Equation 4.30 
Equation 4.31 
To describe the g-factor algebraically it is necessary to define the flow of an oil 
droplet within the helical path with an axial velocity, Va, parallel to the filter and a 
tangential velocity, VI, towards the filter surface. The axial velocity is calculated from 
the residence time, QIV, of the liquid within the helical path and the axial length of 
that path, Lp, according to Equation 4.32. 
Q 
V =L -
u p V 
Equation 4.32 
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Axial Rod 
~ v, Channel velocity 
(~V. /; 1"-' Axial ity 
.. // 
VI Tangential velocity 
Porous filter 
Figure 4.6: Motion of an oil drop within a helical flow path. 
The tangential velocity can then be determined from the axial velocity and the channel 
velocity by using Pythagoras' theorem to give Equation 4.33. 
Equation 4.33 
A ratio of centrifugal, F,u, to gravitational forces, Fg, can be derived as Equation 4.34. 
This is the commonly quoted g-factor (Holdich, 1996). The value of r is the radius 
from the central axis of the filter and for the experimental equipment in this work is 
between 2.5 mm, edge of the rod, and 7 mm, filter surface. 
F rw' (v;) 
g - factor = -"- = -- = --F. g g 
Equation 4.34 
The drop size cut-off is calculated from a consideration of the velocity of a droplet 
towards the filter by permeation and the velocity away from the filter by centrifugal 
motion. The velocity towards the filter is directly calculable from the permeate flux 
which is simply a velocity towards the filter. Therefore the permeation velocity, Vp , 
is according to Equation 4.35 where J is the permeate flux in m3 m·' s·'. 
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v =J p Equation 4.35 
The velocity due to the centripetal forces towards the centre of the filter, v'" can be 
calculated by equating with the liquid drag (Stokes law), Equation 4.36, where dd is 
the droplet diameter, p is the water density, Po is the oil density, J.l is the liquid 
viscosity, VI is the tangential velocity of the liquid perpendicular to the filter surface 
and r is the radius of the fluid from the centre of rotation. 
Equation 4.36 
At the point of equal velocities Vw equals vp and so Equation 4.35 and Equation 4.36 
can be combined and rearranged for the cut-off drop size as Equation 4.37. 
v., 18J.lr 
(p-p,,)v; 
Equation 4.37 
d" = 
4.4.4 Trans-membrane pressure 
The trans-membrane pressure used for filtration is calculated from the system 
pressures produced during filtration and the base pressure values determined 
previously. This is detailed in Section 4.1. 
4.4.5 Wall shear 
The wall shear has been previously defined in Section 4.3 as the shear created upon a 
channel wall by a fluid flowing across it. It is well known for a circular pipe as 
Equation 4.39, which is applicable to filtration_with no insert. However, for the 
----- -
circular annulus produced by the rod insert and rectangular channel produced by the 
helical inserts it is less well known. The method of derivation of the wall shear has 
been performed in Section 4.3 for a rectangular channel and can be adjusted to suit the 
nomenclature used in the rectangular channel found in helical inserts l:ly_Eguation 
4.38. 
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R = 61lvc 
• height 
Equation 4.38 
Derivations of the velocity profile in an annulus, Equation 4.39, can be found in 
Coulson & Richardson Volume one (1990) in terms of the radius from the centre of 
the filter, s, the rod radius, rr, the filter radius, rfi and the mean velocity, Vc. The wall 
shear is a simple differentiation of this velocity, which produces Equation 4.40 for an 
annulus. 
Vs = ------"'-~,,------vc 
rJ + r} _ rj (~r,) 
In i 
r, 
, , 2r _ rj -r, 
j rjln(~) 
RII' = -----,,-------,-,-
rJ +r} _ rj(~r,) 
In i 
r, 
4.4.6 Power dissipation 
/ 
Equation 4.39 
Equation 4.40 
The power requirements of filtration can be split into two separate parts. The power 
dissipated by the insert per unit of feed flow and the power required for flow as a 
function of both the feed flow and the permeate flow. These can be calculated by 
Bemoulli's equation where the energy dissipated by the insert-filter configuration is 
equal to the pressure drop plus a velocity term. This is expressed in Equation 4.41 
where Ed is the power dissipated per unit of feed flow, PI is the inlet pressure, P2 is 
the outlet pressure and Vx is the bulk velocity. 
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Equation 4.41 
The power required to bring fluid to the start of the filter, E, is also calculated by 
Bemoulli's using the inlet pressure and the energy required to produce the flowrate. 
This gives E, according to Equation 4.42, per unit volume of feed flowrate. 
E = P, + y,pv; Equation 4.42 
This can be modified to give the power required for operation per unit of permeate 
produced, Ep, by the Equation 4.43 where Q is the feed flowrate and Qp is the 
permeate flowrate. 
Equation 4.43 
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CHAPTER FIVE 
5. EMULSION DEFORMATION THEORY 
5.1 INTRODUCTION 
The pressure drop across two interfaces of a droplet in contact with a pore can be 
expressed by a modified Young-Laplace equation and as shown in Section 2.10.3 can 
be re-stated as critical pressure, Equation 5.1, which is the lowest TMP needed to 
deform a droplet through a pore. This is expressed in terms of leading and trailing 
meniscus curvatures, r* & R* and can be solved provided that the positions of the 
menisci that produce the critical pressure can be determined. 
p. = 2y _3l 
cm r* R* 
Equation 5.1 
5.2 MODELLING OF TUBULAR PORES 
For a tubular pore with a perfectly circular pore opening the critical pressure position 
of a deforming drop can be easily derived with a little bit of logic. The geometry of 
the droplet as it just impinges on the pore is shown in Figure 5.1 where the two 
menisci both contact at the equilibrium angle 8. The modified Young-Lap lace 
equation, above, indicates that the critical pressure occurs when the leading meniscus 
radius is small and the trailing meniscus is large and from this geometry it is apparent 
that the leading meniscus radius is the same at any depth in the pore whilst the trailing 
radius is highest when the leading meniscus has just impinged on the pore. 
Using this critical geometry it is apparent that the leading meniscus curvature can be 
calculated from the Young-Laplace equation of a meniscus in a capillary. However 
the trailing meniscus curvature is not constrained in a capillary but is a free form 
shape on the plane surface and cannot be directly described mathematically. The 
solution to this problem is to perform a conservation of volume method assuming that 
the oil is incompressible. The two menisci volumes can be derived from their 
geometry, the sum of which is equal to the volume of the original undeformed droplet. 
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The derivations of the meniscus curvatures are covered in the following sections. 
, 2rp , , , 
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• 
Figure 5.1: Droplet deformed into a tubular pore. 
5.2.1 Derivation of the volume of the leading meniscus 
The leading meniscus for a droplet within a cylindrical pore of radius rp forms 
geometry as shown in Figure 5.2, where the contact angle with the wall is equal to an 
angle e. This meniscus can be considered to be a cap of a sphere with a radius of r*. 
Geometrically we can consider this to be a volume of revolution about the axis of the 
cylindrical pore with the geometry of Figure 5.3, which can be described by an 
integration expression by considering a slice of the meniscus with a radius y, a vertical 
position h and a thickness dh. 
, 
; e 
/~ 
/ 
/ 
/ 
/ 
/ 2rp 
;1-'-----"-->1 
Figure 5.2: Geometry of the leading 
meniscus within a cylindrical 
pore. 
'.... . ..... / 
.......... -.... -. 
Figure 5.3: Geometry of the leading 
memscus. 
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Mathematically the volume of revolution is derived as Equation 5.2, where the limits 
of the integral are h to r* and h can be determined from Equation 5.3. This can be 
solved algebraically through the use of Pythagoras' theorem to replace the variable y, 
using Equation 5.4. This gives Equation 5.5. 
v = 17ty2dh lead 
Equation 5.2 
h 
h = r * sinS Equation 5.3 
r *' = h' + y' Equation 5.4 
" V"ud = f 7t(r" -h' )dh Equation 5.5 
h 
Equation 5.5 can be integrated to give Equation 5.6, which when solved with the 
value of h from Equation 5.3 gives Equation 5.7. A consideration of the geometry of 
Figure 5.3 leads to an expression for the radius of the sphere according to Equation 
5.8. Substitution of this into Equation 5.7 gives the expression shown in Equation 
5.9. 
_ .' 7th 
[ 
3 ]" V"ud - 7thr - -3- h 
*3 
V"ud = 7tr
3 
(2 - 3 sin S + sin 3 S) 
r 
r*=-P-
cosS 
v. _ 3(2-3sinS+sin3S) 
lead - 1trp 3 3cos S 
Equation 5.6 
Equation 5.7 
Equation 5.8 
Equation 5.9 
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5.2.2 Derivation of the volume of the trailing meniscus 
The trailing meniscus curvature for the portion of the droplet remaIning wholly 
outside of the pore can be considered to obey the geometry of Figure 5.4. This 
meniscus is analogous to that described for the leading meniscus such that we can also 
consider this to be a surface of revolution about the axis of the cylindrical pore with 
the geometry of Figure 5.5, where the radius of the sphere is R* 
/ , 
/ 2r, , / , 
/////~ ~"'" 8; R* 
Figure 5.4: Geometry of the trailing 
meniscus, wholly external to 
the pore. 
Ih 
.' "iidh 
I ' 
Figure 5.5: Geometry of the trailing 
memscus. 
Mathematically the volume of revolution is equal to Equation 5.10, where the limits 
of the integral are -R* to R* cos8. This can be solved algebraically through the use of 
Pythagoras' theorem to replace the variable y, using Equation 5.11. This gives 
Equation 5.12. 
R·cos9 
v,,,,u = f 1ty' dh Equation 5.10 
-H' 
R *' = h' + y' Equation 5.11 
R·cos9 
v,,,,u = f 1t( R *' -h' )dh Equation 5.12 
-H' 
Equation 5.12 can be integrated to give Equation 5.13, and with the limits shown will 
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give the trailing meniscus volume as Equation 5.14. 
Equation 5.13 
rrR *3 
V;roH = -3-(2 + 3cose-cos3 e) Equation 5.14 
S.2.3 Derivation of the critical pressure equation 
A conservation of volume can be considered to exist on the droplet in all of its stages 
of deformation such that the volume of the undeformed droplet is equal to the sum of 
the volumes in the leading and trailing menisci, this is illustrated by Equation 5.15. 
The menisci volume equations, Equation 5.9 and Equation 5.14, can be substituted 
into this equation which when rearranged for the trailing meniscus gives Equation 
5.16. 
4rrr3 V -v, +v ___ d 
drop - lead {rail - 3 
r 
R*=-P-
cose 
4( ~ r cos3 e - (2 - 3 sin e + sin J e) X 
2 + 3 cos e - cos3 e 
Equation 5.15 
Equation 5.16 
The critical pressure equation, Equation 5.1, can now be solved algebraically by the 
substitution of the equation for the leading, Equation 5.8, and trailing, Equation 5.16, 
menisci curvatures. This, when rearranged, gives Equation 5.17. 
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= 2y cos9 1-~rll 
rp 
2 +3cos9 - cos' 9 
4(~r cos'9-(2-3sin9+sin'9) 
5.3 DEFORMATION OF DROPS USING CONICAL PORES 
Equation 5.17 
This defonnation modelling can be extended to accommodate the truncated conical 
pore shape as found with the nickel filters. However the critical pressure situation 
will be different for droplets passing through the two orientations of the pore and the 
model must reflect this. The orientations are nonnal and reversed, see Figure 5.6, 
where the meniscus closest to the throat is always the upper meniscus and the other is 
the lower meniscus. To model the shape of the conical pore it is necessary to use a 
cone angle 13 which represents the angle of deviation of the pore walls from vertical. 
This will have a significant effect on any meniscus in contact with the pore with the 
upper meniscus being flattened and the lower meniscus more highly curved, as shown 
in Figure 5.6. The inclination of the pore on the leading meniscus causes the three-
phase interface of solid-oil-water to contact at the pore wall at an angle 13 to the 
vertical as shown in the geometry of Figure 5.6. The analysis of the meniscus 
curvatures from this geometry shows that any meniscus oriented towards the throat 
has an effective angle of 9+13 from the horizontal whilst a meniscus oriented away 
from the throat has an effective angle of 9-13. Thus from the geometry of this 
condition and in direct analogy to the Young-Lap lace equation presented in Section 
2.10.2 the meniscus radius, r, is related to the pore radius at any point, rx, by Equation 
5.18 for an upwards oriented meniscus and Equation 5.19 for a downwards oriented 
meniscus. 
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Normal side 
Reversed side 
Lower 
meniSCUS 
Figure 5.6: Effect of contact angle and conical shape on 
meniscus curvature. 
rx 
r =---".--
cos(6 +~) 
rx r =_---2. __ 
cos(6 -~) 
Equation 5.18 
Equation 5.19 
Deformations of droplets through pores in both normal and reversed orientations are 
shown in Figure 5.7 with a droplet in a number of differing positions. As with tubular 
pores the positions of the two menisci of these drops directly influence the interfacial 
pressures and hence the position of critical pressure. Detailed modelling of these 
conical pores has been performed and is presented in Appendix A. This indicated that 
for a filter in the normal orientation the critical position would occur when the 
meniscus has just impinged upon the pore throat, Figure 5.7(a). At this position the 
leading meniscus dimension is at its smallest value and the trailing at its highest. If 
the droplet were to enter the pore to any degree, Figure 5.7(b), then the leading radius 
would increase and the trailing decrease leading to a reduction in the sum of the 
meniscus pressures. The case of the leading meniscus free on the reversed surface 
will produce a leading curvature many times larger than the trailing and hence will 
have a negative sum of the interfacial pressures. The lower interfacial pressures sum 
indicates that a droplet that has passed through the critical position will then pass 
straight through the pore without the possibility of blocking it. The applied force 
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across the pore will always be greater than the pressure required for drop movement. 
Flow 
(a) Droplet just impinging 
on the pore throat. 
(d) Droplet entering the 
pore. 
! Flow 
(b) Droplet fully within 
the pore. 
i Flow 
(e) Droplet fully within 
the pore. 
(c) Droplet leaving the pore. 
(/) Droplet leaving the pore. 
Figure 5.7: Stages of deformation of droplets through 
normally oriented pores, (a)-(c), and reversed 
oriented pores, (d)-( f). 
Evaluation of the critical position for a reversed pore is not as straightforward as the 
normal orientation due to the complexity of the deformation through the pore, Figure 
5.7(d)-(f). Logic states that the smallest leading meniscus radius would be at the pore 
throat, however the effect of the cone is to flatten this meniscus considerably. The 
effective angle used for calculating the meniscus curvature is e+~, as shown earlier in 
Equation 5.18, the value of which in this work is 86.4°, which produces a leading 
meniscus radius typically substantially greater than the trailing meniscus. This 
problem also occurs when the trailing meniscus is free on the reversed surface of the 
filter. Close examination of the leading meniscus as it passes out through the throat 
indicates that its smallest radius occurs when it has just exited from the throat and is 
forming a free shape on the plane surface of the filter with·a base dimension equal to 
the pore diameter. This is considerably smaller than the meniscus within the pore and 
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is somewhat smaller than a trailing meniscus within the pore. 
The determined critical positions for droplet deformation through conical pores are 
illustrated in Figure 5.8. 
i Flow 
Figure 5.8: Positions of highest critical pressure for a conical 
pore in normal and reverse orientation. 
5.3.1 Normally oriented conical pores 
The deformation of a droplet impinging upon a conical pore is almost identical to that 
explained previously for a tubular pore, except for the curvature of the leading 
memscus. This is intruding into the pore and is contacting at the wall of the pore at an 
angle of 6-/3 as opposed to the 6 shown in tubular pores. A correction for this can be 
easily made in the derivation of the critical pressure equation by substituting the value 
of 6 in the leading meniscus equations for 6-/3. The critical pressure equation is 
therefore a simple re-statement of the tubular pores, Equation 5.17, which produces 
Equation 5.20. 
cos(S - P) 
~rif :::;; 2y J-
rp 
2+3cose-cos3s Equation 5.20 
4( ;J cos3(s- P)-(2 -3sin(e- p)+sin3(S- P)) 
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5.3.2 Reverse oriented conical pores 
For the deformation of a droplet through a reversed conical pore, the droplet must 
have some part of itself within the pore and so the critical pressure equation must be 
modified by the addition of a droplet-in-pore volume term. The generic case of a 
droplet fully within the pore is derived mathematically in Appendix A and is 
presented in brief here. It is possible to model this mathematically to calculate the 
volume filled by a deformed droplet and the diameter of the pore at any depth in the 
pore where the geometry is shown in Figure 5.9. If it is assumed that the pore 
possesses a pore throat diameter of d,', an open pore diameter of d; with a pore depth 
of i then the volume of the pore when filled between depths of x, and X 2 from the 
throat is calculable by using a similar triangle approach on the geometry below. This 
produces Equation 5.21 for the volume, and the pore diameter, dx, at any depth x as 
Equation 5.22. 
Figure 5.9: Model of a conical pore. 
Equation 5.21 
Equation 5.22 
The modelling equations for a reversed oriented pore are substantially changed from 
the previous two models with the leading meniscus free on the normal surface of the 
filter, whilst the trailing meniscus is trapped within the pore and oriented downwards. 
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The following paragraphs detail in brief the differences with the reader directed to 
Appendix A for full derivations. The leading meniscus can be described using the 
geometry of Figure 5.10 where its base dimension is equal to the pore diameter with a 
contact angle of e. This is the smallest sized drop possible for these conditions. From 
the geometry the meniscus curvature can be derived as Equation 5.23 with a volume 
from Equation 5.24. 
Figure 5.10: Geometry of the leading meniscus for reversed 
orientation droplet deformation. 
r 
r*=-P-
sine 
1tr *3 
V;,ad = --(2 + 3cos8 -cos3 e) 
3 
Equation 5.23 
Equation 5.24 
The trailing meniscus cannot be calculated as readily due to the depth of the droplet 
within the pore being an unknown variable, however the diameter of the pore at any 
pore depth can be calculated from Equation 5.22 and as with Young-Lap lace the 
meniscus size at that point is described by Equation 5.25. The volume of the trailing 
meniscus can be determined from the meniscus size as Equation 5.26. 
R* = d, 
2cos(e -p) 
Equation 5.25 
1tR*3 
V,roil = -,-(2 - 3sin(e - p) +sin3(8 - p)) 
.J 
Equation 5.26 
A conservation of volume balance IS now possible usmg the terms for the two 
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meniscus volumes and the occupied cone volume, Equation 5.27. Substitution of the 
meniscus curvature equations and the pore diameter equation leads to a complex 
expression, Equation 5.28, where the only variable is the pore depth filled, x. This 
expression can be solved iteratively to give a value of x. 
Equation 5.27 
(
( d, - et;) .)3(2 -3sin(8 - (3) + sin3(8 - (3)) 3( 2 + 3cos8 - cos3 8) 
-'----,.---"-x+d1 J +8rp 3 
I cos (8-13) sin 8 
Equation 5.28 
The critical pressure equation for a reversed oriented pore using the expressions for 
meniscus curvature has been derived as Equation 5.29, which depends solely on the 
value of x determined from the previous equation. 
- (Sine _ 2cos(e-~)i J ~,it - 2y (..) .. 
rp d, - d1 X + d/ 
Equation 5.29 
5.4 THEORETICAL PREDICTIONS OF PERMEATE 
5.4.1 Introduction 
It has been shown in the previous sections that the critical pressure required to deform 
a droplet through a pore can be calculated using a modified form of the Y oung-
Laplace equation. If a trans-membrane pressure were then applied across the droplet 
then a simple comparison of the two pressures will indicate if the TMP is sufficient to 
deform the droplet through the pore. If this were used in a filtration system containing 
a single droplet size and a single pore size then this comparison will indicate whether 
rejection or passage of the drop occurs and hence the permeate produced. This 
procedure can be expanded for use with drop and pore size distributions by assuming 
. each pore size fraction is challenged by a representative number distribution of the 
feed emulsion. From comparisons of the critical pressures and applied IMP then a 
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penneate distribution for each pore size can be detennined. This is then multiplied by 
the number size fraction of the pore to give the element of penneate produced by that 
pore size in the entire penneate. These elements can then be combined over the entire 
pore range to give the complete penneate size distribution. This is detailed fully in 
Section 5.4.2. 
The prediction can also detennine the theoretical oil rejection by using the total oil 
droplet volumes of the feed and the resulting penneate and further extended by 
calculating the Sauter mean diameter of the penneate. 
5.4.2 Theory 
The prediction of penneate is reliant upon knowing the challenge emulsion size 
distribution, the pore size distribution of the filter and the trans-membrane pressure. 
The feed emulsion consists of droplets of size d" with number n" whilst the filter 
possesses pores of size dj and relative number nj . From these, a matrix of critical 
pressures may be fonned with each value representing one pore-drop size 
combination. If the TMP were then compared against each point in the matrix then a 
further matrix would be produced, Figure 5.11, that shows which drop-pore size 
combinations produce droplet passage through the pore. This matrix will in effect be 
a series of ones and zeros where the ones indicate drop passage through the pore. The 
penneate produced can be calculated from this matrix by searching for each case of 
drop passage and calculating its contribution to the permeate as the droplet number 
multiplied by the pore number fraction. The sums of all the drop passage situations 
for a single drop size produce a penneate size & number distribution. 
This penneate distribution can be used to calculate the filter rejection simply by 
summing up the volume of oil in the feed, from number and diameter data, and the 
volume of oil in the penneate. This can be combined with representative emulsion 
sizes using a Sauter mean diameter approach. These are detailed fully during the 
explanation of the modelling procedure in Section 5.6. The modelling is illustrated in 
Figure 5.12 as a flow sheet of the operation. 
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Figure 5.12: Flow sheet for the theoretical prediction of 
rejection and permeate size. 
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5.4.3 Deformation of small trailing menisci 
During the modelling of the permeate produced for a given pore size it is assumed that 
the droplet contact with the filter will be at the equilibrium contact angle, 8, for both 
the trailing and leading menisci. If the drop is sufficiently large then it will conform 
to this whilst having a base width greater than the pore diameter, this is illustrated as 
Figure 5.I3(a). If this droplet were significantly smaller in size then there will come a 
point at which the droplet base will equal the pore diameter whilst contacting at 8, 
Figure 5.I3(b). This is the minimum size of droplet that can be modelled using the 
theory of Section 5.2 & 5.3. However, it is readily apparent that smaller drops will 
possess critical pressures, although for the case of a droplet just larger than the pore 
size they will be negligible. A modification is proposed to the model to extend its 
application to droplets that possess leading menisci contacting at 8 and trailing 
menisci contacting with apparent contact angles greater than 8, where the smallest 
deformed shape that can be modelled is that which possesses a trailing menisci of a 
hemisphere whose diameter is minutely larger than the pore diameter, this is 
illustrated by Figure 5.13(c). 
Figure 5.13: Deformation ofa droplet, (a) Large droplet, (b) 
Minimum size for contact at 8 & (c) Smaller than 
minimum size with apparent contact angle of 
greater than 8. 
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The principle involved in using apparent contact angles comes from studies of water 
menisci in glass vessels. The contact angle of the meniscus is 0° however from a 
distance away the apparent angle of contact is 90°. A close examination of the 
meniscus shows that there is a transition from a 0° contact to an apparent 90° by the 
formation of a wavy interface as shown in Figure 5.14 (a)-(b). This behaviour is 
assumed to apply for oil drops giving apparent contact angles greater than the 
equilibrium value as illustrated in Figure 5.14 (c)-(d). 
(a) 
Apparent 
contact 
angle 
Surface 
(c) 
Apparent 
contact 
(b) 
(d) 
True 
Glass 
'-.--
/ 
Apparent 
contact 
angle 
True "iiiiiii contact 
angle 
Figure 5:14: True and apparent contact angles for water on 
glass, (a) & (b), and oil drops on solids surfaces, 
(c) & (d). 
The basic deformation model outlined earlier is not practical for a droplet deforming 
through the Nuclepore filter with an assumed I ° contact angle as the minimum droplet 
size required for this is considerable. This droplet size is illustrated in Figure 5.15 as 
the solid line where a droplet of 373 flm is the smallest that can be modelled for a 6 
flm pore diameter. Conversely, the minimum droplet size that will have a tangible 
critical pressure is that which forms a trailing meniscus minutely larger than the pore 
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SIze. The limit of this size is shown in Figure 5.15 as the dotted line and it can be 
appreciated that there is a considerable difference between the two limits. In effect 
the use of this correction to the model is the only way to model a filter with pores of a 
few microns in size when challenged by droplets typically less than the 40 ~m used in 
this work. 
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Figure 5.15: Minimum droplet diameters required to satisfy 
modelling constraints of apparent contact angle 
of the trailing meniscus for Nuclepore filters. 
The use of this modelling correction was also examined for the nickel conical filters in 
the normal orientation, the results of which are plotted in Figure 5.16 for an 
equilibrium contact angle of 52.7° and a cone angle of 33.69°. The effects of not 
using the correction are of considerably less importance than with the Nuclepore 
filters. For a 6 ~m pore the minimum droplet size for a contact angle of8 is 7.7 ~m, 
whilst the minimum droplet size that produces a tangible critical pressure is 6.5 ~m. 
Overall, the modelling correction is required for modelling of droplets with Nuclepore 
filters with modelling without it being impossible. It is also likely to be a significant 
aid in modelling the smaller drops in normal nickel filters. 
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Figure 5.16: Minimum droplet diameters required to satisfY 
modelling constraints of apparent contact angle 
of the trailing meniscus for normally oriented 
conical filters. 
To model this correction the equation for the trailing menisci is derived again from 
first principles to eliminate the relationship with the contact angle 6. The derivation is 
presented in Appendix A with the resulting expression for the menisci volume as a 
function of the pore and meniscus radius expressed in Equation 5.30. 
V. ='?:R*2(R*'- 2)Y, .!. 2(R*2_ 2)Y, '?:R*J 
'rn,/ 3 rp + 3 rp rp + 3 
Equation 5.30 
This equation can then be inserted into the conservation of volume calculation of each 
model to obtain expressions for menisci radii and a solution to the critical pressure 
equations. This is detailed in Appendix A with the resulting expressions for critical 
pressure shown below. 
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cm Y R* 
rp 
~ R*3 (2 +3cos8 -cos3 8) +~R*' (R*' -r;) 
+.!..r'(R*' _r2)_~R*3 _~r3 = 0 
3 P P 3 3 d 
Normally oriented conical pore 
- (COS(8- P) _I J Pc", - 2y 
r R* P 
~R*3 (2+3COS(8-P)-COS3(8-P))+~R*' (R*' -r;) 
+.!..r'(R*' _r')_~R*3 _~r3 = 0 
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Equation 5.31 
Equation 5.32 
Equation 5.33 
Equation 5.34 
Modification of the model for droplets in reverse oriented conical pores is not 
presented in this work as in depth studies have shown it to offer no improvement on 
the basic model. Cases studied for this modification included non 8 contact angles for 
independently both the leading and trailing menisci. 
5.5 CRITICAL PRESSURE MODELLING 
The critical pressure models described previously in combination with the modelling 
correction are presented graphically in Figure 5.17. This represents the critical 
pressure required to force a drop size (indicated by dd) through a given pore size. Of 
the three models the results for normally oriented conical pores and Nuclepore tubular 
pores are very similar with the tubular pores being slightly higher. Both models 
predict that tangible critical pressures exist for drop sizes just larger than the pore 
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Size. The reverse oriented model has significantly lower critical pressures than the 
other two models and is the only one that predicts zero critical pressure for drops 
significantly larger than pores. For a 5 !lm drop the zero critical pressure exists at a 4 
!lm pore size. Logically there should be a critical pressure for all drops larger than the 
pore size with a zero when they are identical, therefore there is expected to be a 
correction possible to this model as in the manner of the tubular pores. However as 
stated earlier this model cannot be identified and is most likely a very complicated 
model requiring evaluation of both a moving leading and trailing meniscus. This is 
unfortunately very computer intensive and therefore currently beyond the scope of this 
work. 
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The prediction of critical pressure allows a determination of the drop size that will 
pass through a given pore size for a given trans-membrane pressure. For a 3000 Pa 
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TMP and a 10 Jlm challenge drop the largest pore size that will reject this size is 4.9 
Jlm for the Nuc1epore, 4.6 Jlm for the normal conical pore and 4 Jlm for the reverse 
conical pore. Thus the tubular pore is expected to have the best oil rejection whilst 
the reverse conical will be the worst. 
5.6 FILTRATION MODELLING 
The process of filtration modelling produces a number of results based on known 
emulsion feed and pore size distributions. These can be graphically illustrated as in 
Figure 5.18 in terms of the predicted permeate size distribution, its mean size and the 
oil rejection. These are detailed in the figure for an actual filtration experiment with 
surface modified nickel filter material at a trans-membrane pressure of 1650 Pa. 
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Figure 5.18: Typical filtration modelling for a 47 mm 
diameter disk filter of the surface modified nickel 
material oriented normally. Results based on an 
actual filtration experiment of 1650 Pa TMP. 
lOO 
Detailed examination of the models and their results are presented in Chapter 8 along 
side results from actual filtration experiments. 
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CHAPTER SIX 
6. RESULTS & DISCUSSION: EMULSION AND FILTER 
CHARACTERISATION 
6.1 EMULSION CONCENTRATION EVALUATION BY ATOMIC 
ABSORPTION SPECTROSCOPY 
6.1.1 Results 
Atomic absorption (AA) analyses of copper doped emulsions required a number of 
evaluations to assess its suitability to detect the level of oil in an emulsion sample. 
During initial trials with this method it was noted that repeat analyses from similar 
bulk samples gave significant variations in the copper level, whilst permeate samples 
from filtration tests were stable. This was attributed to the effects of the retentate 
sample being of a large size distribution with a relatively small number of large 
droplets, so that sampling for the AA was unrepresentative. This was considerably 
reduced by the smaller size in the permeate sample. This error was resolved by 
sonicating all samples in a sonic probe prior to AA analysis. A vcry fine emulsion 
resulted, typically less than 1 flm, which contained a very high number of droplets and 
when sampled for analysis gave a representative sample every time. 
Numerous permeate emulsion samples from filtration tests with emulsions of up to 3 
weeks in age, and fine emulsion size, have produced copper analyses of the aqueous 
phase of very low levels, typically less than 0.02 ppm, indicating that copper is not 
leaching out of the emulsified droplets. In addition a further experiment was 
conducted during the initial analysis of the method of producing the complexed 
copper, where the complexing was achieved by combining a kerosene & Accorga 
mixture to a water-PV A & copper mixture and producing the emulsion in the process. 
Analyses of the resulting mixture gave aqueous phases with high levels of copper and 
organic phases of very little copper. It is believed that the complexing of copper is 
severely inhibited by the presence of the surfactant film and so is a strong inhibitor to 
copper mass transfer. 
The tests to compare reference standards of aqueous copper against known levels 
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of copper in emulsions gave the results illustrated in Figure 6.1. For both aqueous and 
complexed copper samples the data is linear, with the emulsion standards possessing a 
calculated copper level 2.2 % higher than the equivalent aqueous copper standard. 
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Figure 6.1: Evaluation of aqueous copper standards against 
complexed copper standards. 
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The last series of experiments to test for the effectiveness of the copper tracer method 
used emulsions consisting of an organic phase of kerosene & Accorga which had not 
been combined with any copper. The absorption values from the AA instrument with 
these emulsions are shown in Table 6.1 and are compared with absorption values for 
complexed copper emulsions. The presence of the ingredients other than copper 
affect the analysis by a minimal amount, with absorption values obtained being on the 
edge of the AA's measurability and the worst result having a value of 6 % of the 
equivalent copper doped test. 
6-2 
Table 6.1: Results of comparisons of emulsions with and without 
the copper tracer. 
Calculated Oil Absorption of Absorption of emulsion 
level emulsions containing with copper tracer. 
(ppm) no copper. 
0 0.000 0.000 
208 0.000 0.024 
417 0.001 0.049 
625 0.002 0.073 
834 0.006 0.097 
1042 0.006 0.121 
6.1.2 Conclusions 
The evaluation of chemical tracer as a method to analyse for oil levels in emulsion 
samples was successful in indicating a method suitable for the filtration study to be 
completed. It is accurate and repeatable, provided that all samples are sonicated prior 
to use. It is also quick to use and can be calibrated readily by aqueous copper 
standards, which are both stable and consistent. 
Turbidity was used for initial experiments in this work, but was dropped due to its 
inability to differentiate between size and concentration effects. A crude correction 
factor was derived in an attempt to account for the size effects, but this was rejected in 
favour of the tracer technique. 
6.2 SURFACE AND INTERFACIAL TENSION OF AN EMULSION 
The components used in the emulsion system in this work were de-ionised water (D!) 
water with 0.2 g I" PVA and the standard oil mixture outlined in Section 3.2.3. These 
were evaluated individually for surface tension with the aqueous phase having a value 
of 53.72 dynes cm" and the oil mixture 28.34 dynes cm-' (See Table 6.2). Once 
combined together as two separate layers the interfacial tension was 4.94 dynes cm-'. 
However, this system is not representative of an emulsion, as the ratio of total PVA to 
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interfacial area will be substantial. In an emulsion, the PV A would be required to 
spread over a substantial surface area of the oil droplets resulting in a significantly 
lower PV A to area ratio. The solution was to detennine the maximum PV A level at 
the surface of a typical emulsion, assuming all PV A migrated to the surface of the 
emulsified droplets. The quantity of the two liquids for interfacial tension 
measurement were then adjusted such that the available PV A and the liquid surface 
area produced this ratio of maximum concentration. An experimental test of this gave 
an interfacial tension of 7.12 dynes cm·'. 
Evaluations into the effects of the components present in the two phases were 
conducted as an aside to the main work. The strong effect of the PV A can be seen 
from the data of the standard oil mix when combined with an aqueous phase of 
varying amounts of PV A. The interfacial tension of the system with no PV A was 
19.1 dynes cm·', which reduced to 16.25 dynes cm·' with 7 mg m·' of PVA and further 
to 7.12 dynes cm·' with 274 mg m·' ofPVA. This effect is due to the surfactant aiding 
molecular interactions between the immiscible phases. 
Accorga, present in the oil phase, possesses surfactant properties, which can 
potentially alter the interfacial properties of an emulsion. The effects of the Accorga 
can be observed from a number of experiments where the Accorga was both with and 
without copper. The fonner would produce complexed copper with modified 
surfactant properties. 
The effect of the Accorga was initially examined by measuring the interfacial tension 
between the oil phase and de-ionised water. With copper present in the oil the 
interfacial tension was 19.1 dynes cm·', increasing to 27.85 dynes cm-' with no 
copper. Therefore, the effect of copper on the kerosene/ Accorga mixture is to increase 
the surfactant properties at the interface with water. This experiment was then 
repeated with 0.2 g t' of PV A in the aqueous phase. With copper the interfacial 
tension was 4.94 dynes cm-" whilst, without copper the value was 5.06 dynes cm-'. 
These numbers show negligible difference, such that we can assume the presence of 
copper does not significantly affect the interfacial tension of the liquids. Further, the 
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substantial decrease in Interfacial tension from 19.1 dynes cm" to 4.94 dynes cm", by 
the addition of PV A, indicates that the PV A is the main driving force behind the 
interfacial tension. 
The results of these few experiments can be compared with typical data found in the 
literature, Section 2.4.1, page 2-17. The surface tension of the standard oil mix is in 
the same region as similar organic compounds, c. 20 dynes cm". Whilst the 
interfacial tension of the standard oil and surfactant solution is similar to that of n-
Alcohol's, 5-9 dynes cm", rather than pure alkanes, 50 dynes cm". This is a strong 
indicator of the effect of the PV A in aiding interactions between the phases. 
Table 6.2: Experimentally determined surface and interfacial 
tensions for the liquid used within this work, 
Liquid Surface tension Density 
(dynes cm") (kg m'3) 
DI water with 0.2 g I" PV A. 53.72 ",1000 
Kerosene & Accorga mix with no 9.6 ",780 
copper tracer. 
Standard oil mix 28.34 ",780 
Interface of standard oil mix and DI 19.1 
water. 
Interface of standard oil phase and DI 4.94 
water with 0.2 g I" PV A. 
Interface of standard oil and water 16.25 
with interfacial concentration of 7.14 
mg m" of PV A. 
Interface of standard oil and water 7.12 
with interfacial concentration of274 
mg m" of PV A. 
Interface of Kerosene & Accorga mix 5.06 
and water with 0.2 g I" PV A. 
.Interface of Kerosene & Accorga mix 27.85 
and DI water. 
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6.2.1 Conclusions 
The results of varying interfacial concentration of PV A in the emulsions have shown 
that the interfacial tension is predominantly dependent on PV A rather than any other 
component of the aqueous or organic phases. The interfacial tension of a typical 
emulsion was found to be 7.12 dynes cm", which is typical of Hexanol to Octanol 
found in the literature. 
6.3 CONTACT ANGLE OF AN EMULSIFIED OIL DROP 
6.3.1 Veco filter 
6.3.1.1 Veco filter with aqueous phase 
Single droplets placed on the filter formed discrete drops immediately on contact. 
Visually these were of a low contact angle with no spreading in evidence. The 
measurement of the contact angle was somewhat complicated by the fact that the 
droplets began drying very rapidly after 15-20 minutes on the filter and were 
essentially gone a few minutes later. An initial test of a single 3 mm diameter droplet 
was conducted to determine a satisfactory time limit on the tests. This was achieved 
by visually studying the droplet with time for contact angle and watching for changes 
as it dried. As a result of this, tests were only conducted at zero and five minutes as 
the contact angle was stable until approximately 10 minutes. 
The results for tests on five droplets are tabulated in Table 6.3 and indicate a contact 
angle of approximately 30°. There are five results that are significantly different from 
this but they can be explained by the droplets settling towards the equilibrium contact 
angle over the first few minutes. These drops were studied over the few minutes 
following the second measurement and did not settle any further until the drying 
effect became significant. The measurements at five minutes are very consistent and 
indicate an equilibrium contact angle of27.5°. 
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Table 6.3: Contact angles for sessile drops ofwaterlPVA on 
clean Veco filter. 
Drop Diameter o mins 5 mins 
number (mm) 
1 3 46 46 29 
2 3 44 41 27 
3 1.5 40 34 27 
4 1.5 33 30 28.5 
5 1.5 30 29 28 
Average 37.3 27.5 
6.3.1.2 Veco filter with standard oil mixture 
28 
28 
28 
26 
29 
Single drops of oil stock, of approximately 2 mm diameter, were applied to the filter. 
Upon contact they spread immediately across the surface to form flat pools, typically 
of 6 mm diameter, with visually a contact angle approaching zero. A visual study of 
single drops showed that they rapidly reached an equilibrium contact angle and were 
very stable at that angle. There was negligible drying observed within the twenty-
minute test length. 
Measurements of contact angle for four drops are shown in Table 6.4. Initially the 
average contact angle is high with a large deviation, but the equilibrium contact angle 
is rapidly achieved and is stable at a value of 4.90 over a ten-minute period. 
6.3.1.3 Veco filter with emulsified droplets 
The inverted sessile drop technique was used with the specially prepared cell with 
visual observation performed on oil drops in both mobile and stationary conditions. 
Initially the droplets were extremely mobile across the filter surface, moving for cell 
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inclinations of less than 5°, and in an identical way to air bubbles trapped within the 
cell. However after a few minutes they went from discrete drops to adhered drops 
within a short space of time. The apparent contact angle substantially changed at this 
point and the droplet could not be removed from the filter surface even after vigorous 
shaking was performed. 
Table 6.4: Contact angles for sessile drops of oil stock on clean' 
Veco fil ter. 
Drop Diameter o mins 10 mins 20 mins 
number (mm) 
I 5 9 9 5 4 6 4 
2 7 10 7 4 5 5 4 
3 6 7 6 7 5 4 5 
4 6 6 6 4 5 4 7 
Average 7.5 4.9 4.9 
The initial discrete drops possessed an equilibrium contact angle of 127.3°, which was 
stable over the first few minutes, Table 6.5. Hysteresis was not observed and the drop 
moved readily in a rolling motion and with near spherical dimensions. After the 
droplet had adhered to the filter the equilibrium contact angle abruptly changed to 
95.4°, and exhibited strong hysteresis, Table 6.6. The advancing angle was 152° and 
the receding angle was 84°. This was most obvious when a very large droplet adhered 
to the filter as it formed a large pendant drop when the cell was inverted, and would 
not detach from the filter. 
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Table 6.5: Contact angles for mobile emulsified oil drops on the 
Veco filter. 
Drop number Diameter Contact angle 
(mm) 
I 3 131° 135° 
2 3 129° 115° 
3 3 134° 128° 
4 3 122° 124° 
Average 3 127.3° 
Table 6.6: Contact angles for adhered oil drops on the Veco 
filter. 
Drop Diameter Equilibrium Advancing Retreating 
number (mm) angle angle angle 
I 3 98° 97° 160° 150° 80° 
2 , 90° 98° 155° 159° 75° .J 
3 2 96° 90° 145° 149° 92° 
4 3 99° 95 0 1480 150° 86° 
88° 
82° 
80° 
890 
Average 95.40 1520 840 
6.3.2 Nuclepore filters 
6.3.2.1 Nucleporejilter with aqueous phase 
Single drops of the liquid on a dry filter were observed to wet the surface of the filter 
immediately on contact, but only to a distance of approximately twice the original 
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droplet diameter. At this point, the spreading/wetting was observed to stop leaving a 
small droplet of liquid in the centre of the wet area. The filter was then observed to 
dry in a space of five minutes with the droplet completely drying within ten. It can be 
concluded from the test that the contact angle of water/PV A on a dry filter is in the 
region of 0°, but with a relatively low spreading coefficient. 
A further series of droplets of waterlPV A were added to the filter to completely wet 
the surface of the filter. Any excess was then removed by inclining the sample by 
90°. Single drops of waterlPVA were then added to the filter surface and the contact 
angle was measured. Visually the drops were observed to further wet the filter but at 
a very slow rate, such that contact angles measured within the first few minutes were 
consistent. However after this time, the droplet contact angles began to steadily 
decline as wetting and drying became significant. The results for a single test of four 
drops are shown in Table 6.7. The average contact angle is 34.5° and the data scatter 
is low. 
Table 6.7: Contact angles for sessile drops of water on water wet 
Nuclepore filter. 
Drop Diameter o mins 
number (mm) 
I 2 32° 34° 
2 4 38° 37° 
3 3 32° 32° 
4 4 36° 35° 
Average 34.5° 
The final test of the NUclepore filter with the aqueous phase was to wet the filter with 
the oil phase and then add single drops of the water/PV A solution onto this. The 
addition of oil drops to the filter produced instant flash wetting with the droplet 
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vanishing immediately into the filter. The aqueous drops added to this were repelled 
from the oil soaked filter and exhibited a noticeable contact angle. No spreading was 
observed over time, however the droplet reduced rapidly in size over a twenty minute 
period, most likely in a combination of drying and flux through the filter. Four drops 
were measured for contact angle after I minute on the filter, with the last measured at 
approximately 4 minutes. The results ofthis test are shown in Table 6.8 and show the 
droplet to have an average contact angle of 32.4° with little variance in the data 
spread. 
Table 6.8: Contact angles for sessile drops of water on oil wet 
Nuclepore filter. 
Drop Diameter o mins 
number (mm) 
I 2 29° 29° 
2 2 33° 35° 
3 2 37° 36° 
4 2 29° 31 ° 
Average 32.4° 
6.3.2.2 Nuc/epore filter wit" standard oil mixture 
Single droplets of oil stock added to the filter flash wetted the surface immediately 
with no visible remains of a droplet on the surface of the filter after less than one 
second. The wetted area created by each drop was substantial with each producing a 
wetted area of typically 10 times its diameter. It must be concluded from this that the 
contact angle of oil on a dry filter is in the region of 0° and that the spreading 
coefficient of oil is substantial. 
When further oil droplets are placed upon an oil wet filter they spread immediately, 
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with no visible contact angle, and rapidly flowed through the pores. When performed 
in the contact angle device the contact angle of the drop is essentially zero and is no 
longer apparent after a few seconds. 
The last test was conducted with single drops of oil onto a water/PV A-wetted filter. 
To wet the filter single drops were touched to a multitude of points over the surface 
and the excess was removed by inclining the filter sample. In all cases the oil droplets 
spread significantly on contact with the water-wet filter. The visual contact angle was 
very small and could not be observed within the contact angle device. We must 
therefore assume that the contact angle of oil on a water-wet filter is approximately 
zero and that the spreading coefficient of the oil film is comparable to oil on a dry 
Nuclepore filter. 
6.3.3 Conclusions 
6.3.3.1 Veco filter 
Evaluations of the contact angle with the Veco filter gave the values of27.5° for the 
aqueous phase of PVA-DJ water and 4.90 for the standard oil phase. The aqueous 
phase produced discrete drops on the surface of the filter which were easily visible 
and measurable, whilst the oil spread rapidly and formed more of a pool than a 
discrete droplet. The contact angle was measurable, but as the accuracy of the sessile 
drop method is low for near zero values it is sensible to say that oil has a near zero 
contact angle, rather than stating the value obtained. These results show the filter to 
be more hydrophobic than it is hydrophilic and essentially flash wet with the oil 
phase. 
The use of the inverted sessile drop method shows emulsified oil droplets to behave as 
near spherical particles when in motion on the Veco material and move readily. The 
contact angle of the oil emulsion on the Veco filter is 127.30 with negligible 
hysteresis, however the droplets adhere to the Veco filter after approximately 2-3 
minutes in stationary contact with the surface. Once this has occurred, the oil cannot 
be reformed into discrete drops even by the most vigorous shaking of the sample cell. 
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The contact angle of these adhered drops is 95.40 with a hysteresis of 1520 advancing 
angle and 840 retreating angle. 
The phenomenon where the oil droplet adheres to the filter surface can be explained 
by the presence of the surfactant and the degrees of wetting of the two phases on the 
Veco filter surface in a stationary system. Initially the droplet is surrounded by a 
layer of surfactant so that the interface contacting the filter is a combination of the 
surfactant and an adsorbed layer of water. This prevents the oil from physically 
coming into contact with the Veco filter surface. As the droplet is allowed to rest on 
the surface, the interfacial film, which is denser than the oil, is affected by gravity and 
gradually moves down the droplet creating a thin spot on the top of the droplet. 
Eventually this is sufficiently thin that the oil contacts the filter and as this is 
preferentially attracted to the filter than either the interface or the surrounding water, 
then it wets the filter and excludes any aqueous matter. Once adhered to the surface it 
will form an equilibrium as if two distinct phases were in contact at the filter. 
Previously it contacted as a mobile droplet completely surrounded by an interfacial 
film. 
On a practical note this adhering of a droplet to the filter in a filtration operation will 
not occur because the entire system is in continual motion and an oil droplet is in 
contact with the filter for a very short time during passage through the filters pores. It 
is also unlikely to occur in a fouling layer as this is also in a form of continuous 
motion, with the water surrounding the droplets continually replenishing any thin 
spots of surfactant. However, if pore plugging occurs it is possible that the droplet 
will adhere to the pore walls in which case it is extremely difficult to remove. 
6.3.3.2 N uclepore filter 
Nudepore filters are essentially hydrophobic due to their polycarbonate structure. 
However, they are supplied covered in a film of polyvinyl-pyrrolidone (PVP) which is 
hydrophilic in nature. This combination allows the filter to interact strongly with both 
aqueous and organic liquids. The results of these two separate phases bears out this as 
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both have contact angles of zero degrees and both flash wet the filter. Although the 
aqueous phase is seen to leave a small drop on the surface, however this is believed to 
be due to the low spreading of this phase when compared to the huge spreading ability 
of the oil. 
Once the filter is oil wet the effect of the PVP is strongly mitigated and the filter-oil 
combination becomes hydrophobic. The contact angle of water drops on this filter is 
32.4°. However this is possibly an effect ofthe low spreading of the aqueous liquid as 
drops of this onto an aqueous wet filter, wet it further but leave drops on the filter 
surface with contact angles of 34.5°. Results of oil dropped onto water wet filter 
shows the oil to flash wet the surface with no visual drop present. We can therefore 
assume the contact angle of this to be zero degrees. In analogy to this we can consider 
the system to be that which is present in an emulsion and we can further assume that 
the contact angle of an emulsified droplet in contact the filter is zero degrees. In 
practice, this number is set to 1 ° to allow modelling to be performed. Justification for 
this is shown later. 
6.4 EMULSION SIZING METHODS 
Two emulsion sizing methods were utilised within this work. Initially a Coulter 
LS 130 laser diffraction sizer was used but was superseded by the use of a Coulter 
Multisizer for the bulk of the emulsion filtration with tubular filters. The change 
occurred as the LS 130 was deemed to give somewhat poor results as it uses a 
mathematical model to fit the diffraction of light from an illuminated sample, whereas 
the Coulter Multisizer uses a direct method: that of electrical sensing zone which 
possesses a direct relationship between a particle size and the disruption of current 
when both flow through a fine orifice. No direct evaluation of the two methods was 
conducted however a comparison of two identically produced but separate emulsion 
samples analysed in the instruments can be seen in Figure 6.2. The LS 130 data shows 
a broad size distribution with drop sizes from 0.5 to 200 flm, however this wide range 
was not observable under a microscope. The Multisizer produces a much smaller size 
distribution, within the range of the instrument, which shows a size range of 1.4 flm to 
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40 flm. This size range unlike the LS 130 was observable under a microscope. 
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Figure 6.2: Comparison of separate but similar emulsions 
analysed with Coulter Multisizer and Coulter 
LS130. 
The two emulsion samples used were both analysed for the Sauter mean size with the 
results showing a mean size of 12.2 flm for the Multisizer data and 4.9 flm for the 
LS 130 data. This latter value is likely to be due to the presence of a 'tail' (see Figure 
6.2) on the LS 130 data which occurs for all samples, and is not generally observed to 
be present in the actual emulsions. Thus the Sauter mean diameter from this data is 
somewhat suspect and so the two methods are not directly comparable by their Sauter 
means. A somewhat qualitative approach to comparing the two is to compare the 
general shape of the curves and the modal drop size, such that the LS 130 data used 
here is reasonably comparable to the Multisizer's. 
6.5 TUBULAR FILTER CHARACTERISATION 
A number of test filters were used in the tubular filtration work. Each is detailed in 
Table 6.9 and selected filters are presented by pore size distributions later in this 
section. These graphs are data obtained from use ofthe bubble point test procedure as 
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outlined in Section 3.7 and given as experimental data points with a best-fit line. This 
best fit is not always a good representation as the data can often be well scattered. 
Table 6.9: Specifications of the tubular filters. 
Filter Orientation 
#2 Normal 
3221 Normal 
3222R Reversed 
4112 Normal 
4113R Reversed 
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Figure 6.3: Pore size distribution of filter 3221 by the bubble 
point method. 
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6.6 CIRCULAR DEFORMATION FILTER CHARACTERISATION 
6.6.1 Veco filters 
The single surface modified Veco filter used in the deformation analyses was analysed 
for pore size in a Coulter Porometer with an average of six results taken as the pore 
size distribution. This is presented in Figure 6.7 as a volume fraction graph. The 
mean size of this is 6.25 flm with a size range of3.3 to 9.7 flm where 90 % by volume 
is between 4.6 and 7.8 flm. This is substantially different to the pore size of the virgin 
Veco filter of 13 flm experienced previously in SEM analysis. 
6.6.2 NucIepore filters 
The pore size distribution of the coarse Nuclepore filters could not be measured by the 
Coulter Porometer instrument due to their large pore sizes and high pore densities. 
Therefore, these filters are considered to have a negligible pore size distribution and a 
uniform pore size as given by the manufacturer. 
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CHAPTER SEVEN 
7. RESULTS AND DISCUSSION: EMULSION FILTRATION 
7.1 FLAT SHEET CROSSFLOW FILTRATION 
7.1.1 Introduction 
The evaluation of the flat sheet filters described in Section 3.6 were conducted using 
the same filtration rig and with the same feed fluid flow conditions. A feed flowrate 
of 4 I min" was used as the fluid driving force through a small flow channel and 
across the underside of the filter. The flow conditions produced in this cell can be 
determined from the fluid hydrodynamics equations derived in Chapter 4. These 
indicate a channel velocity of 1.10 m s" with a Reynolds number of 6006, which is 
fully turbulent. The wall shear produced in this rectangular channel was 2.06 Pa. 
The base pressures produced in the filtration unit for varying crossflow rates and no 
permeation is shown graphically in Figure 7.1 below. The inlet and penneate pressure 
gauges show a gradual rise in pressure as flowrate increases, with the inlet being the 
higher of the two. Both represent the pressure in the filtration cell with reasonable 
accuracy as the inlet instrument is in the initial section of the small filtration channel 
and the permeate reading is taken on an essentially static volume. The outlet gauge 
however is situated in a T-piece on 1 inch bore pipe after the filtration channel, which 
has a flow channel area some 3-5 times larger than the filter cell. Correspondingly the 
outlet gauge is not able to follow small changes in pressure as well as the other two 
instruments and shows an apparently constant pressure of 13,800 Pa for all flowrates. 
For experimental analysis purposes the base pressures of inlet and permeate are used 
for TMP calculation. The base pressure produced for a crossflow rate of 4 I min" 
were inlet of 25,858 Pa and permeate of 20,637 Pa. 
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Figure 7.1: Base pressures of the system with no permeation 
and at changing cross flowrates. 
7.1.2 Filtration of emulsions 
7.1.2.1 Emulsionfeeds 
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Experimental evaluations of the seven flat sheet filters were conducted with four 
challenge emulsion sizes produced by successive passes through a centrifugal pump 
and valve as described in Section 3.8. This typically produced the four challenge 
emulsions illustrated in Figure 7.2 with significant size distribution reductions 
between the first and last. The Sauter mean diameters of these four emulsions were 
12.1,7.2,4.9 and 3.3 /lm. These were passed through the flat sheet filter using four 
permeate fluxrates in a single pass to ensure feed similarity. The results of each 
emulsion size are presented in Appendix B as flux, permeate & retentate turbidities, 
filtration resistance and rejection with time from the start of filtration. The feed and 
permeate emulsion size distribution are also presented. An analysis of experimental 
results is presented in the following section. 
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7.1.2.2 Filtration wit" Bekaert 
The Bekaert filter is a compressed and sintered mat of stainless steel fibres with a 
manufacturer's absolute rating of 3 Ilm. A Coulter Porometer analysis of this is 
presented in Figure 3.3, page 3-12, from work performed by Holdich (1996). This 
indicates that the absolute rating is 5 Ilm, the mean size by number is 3.6 Ilm and the 
smallest size is 2.5 Ilm. These are the apparent pore sizes and not a reflection of the 
pore openings on and in the filter which are complex shapes passing between fibres. 
The experimental evaluations of the Bekaert filter are illustrated in Appendix B: 
Section B.2 and below in Figures 7.3-7.10. These indicate that the reduction of oil 
content is extremely effective with rejections predominantly of 90-96 % by turbidity, 
the one exception is the highest flux/lowest feed size test, which has a 73 % rejection. 
Correspondingly permeate samples possess few oil droplets and frequently are too 
dilute for any reasonable size analysis. For the first emulsion size no permeate 
samples could be analysed due to these problems. 
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During the filtration series the trans-membrane pressure required for the permeate flux 
rises progressively from a start value near 2 kPa to a final value around 35-45 kPa. 
The differences of this between fluxrates is apparent with the TMP increasing as the 
flux is raised and decreasing for the final 200 I mo2 hO' test. This however is typically 
50-lOO % greater then the first 200 I mo2 ho' test with each emulsion. It is readily 
apparent that this is due to fouling of the filter and that this fouling is predominantly 
internal fouling of the filter as the flow regime across the filter is considerably 
turbulent and will maintain any surface fouling at a small or minimal level. A 
corresponding rise in filtration resistance occurs during the experiments with the final 
value some twenty times the start value. 
The permeate samples produced during filtration show Sauter mean sizes very 
dependent on the feed emulsion size with a 6 J.lm size for emulsion two reducing to 3 
J.lm and then 2 J.lm for the last two feeds. This occurs as the fraction of smaller 
droplets to larger drops in the feed that can pass through the filter increases as the feed 
size is reduced. The shape of the size distributions of the permeate is somewhat 
erratic at times due to the low concentration of the samples tested however it shows 
clearly that emulsion droplets much greater than the filter's size pass into the 
permeate. 100 J.lm drops in the permeate are common. This is due in some part to the 
deformability of the drops and high TMP's which force droplets through the tortuous 
path through the filter. Little flux dependence is seen for the permeate size 
distributions and Sauter mean sizes for all tests. 
7.1.2.3 Filtration wit" Veco 
The Veco filter used for these tests is a true surface filter possessing near circular pore 
shapes with straight through pores of conical cross section. The manufacturer's quote 
a pore size of 20 J.lm however size analysis reported in Section 3.6.2.2 indicates that 
13 J.lm is more typical of this filter. Results of experimental evaluations are detailed 
in Appendix B: Section B.3 and below in Figures 7.3-7.10. These results show 
rejections that are consistently high throughout the tests with rejections below 50 % 
only occurring for the finest emulsion. For the first emulsion rejections decline with 
increasing flux from 83 % to 58 % with a corresponding slight rise in the permeate 
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Sauter mean size but with negligible changes in the permeate size distribution. The 
TMP to achieve the filtration is 1.7 kPa. Reduction of the feed size for emulsions two 
and three maintains a high rejection with an 80 % average for emulsion two and 
approximately 75 % for the third emulsion. However, the oil rejection for the finest 
emulsion is significantly poorer with a near 50 % rejection at 200 I m-l h-I fluxrate, 
which drops to 20 % for a 700 I m-' h·1 fluxrate. 
During the filtration series the filtration resistance rises gradually from 1 x 1010 to 
around 2 x 1011 m· l . This indicates that a degree of fouling is occurring during the 
testing, which is corroborated by a general rise in TMP with testing. The highest 
TMP required for filtration is 19 kPa with an average value during the tests of 
approximately 10 kPa. Permeate produced during the entire series of tests are 
generally similar in both Sauter mean size and size distribution. The Sauter sizes vary 
from 3-4 ftm with the largest drop size passing through the filter being approximately 
20 ftm for all filtration tests. 
7.1.2.4 Filtration with BOPP 325 
The two BOPP filters used in this work were twilled Dutch weaves where the opening 
to flow is between warp and weft wires of a tight woven structure (Figure 3.11, page 
3-16). The BOPP 325 is the tightest of the weaves with a manufacturer's absolute 
rating of 8-9 ftm. The results of the filtration experiment are detailed in Appendix B: 
Section B.4 and below in Figures 7.3-7.10. Experimentally results of rejection show 
strong dependence on flux for all emulsions, however as previously observed the 
rejection of the last flux out of each four tests does not recover to the original levels of 
the first 200 I m·l h·1 flux. Again, this must be considered to be due to fouling of the 
filter. 
The TMP and rejection during the four fluxrate tests of an experiment are generally 
constant whilst as the feed size reduces there is a general trend of increasing TMP and 
filtration resistance up to maximum values of 19 kPa and 4 x 1011 m-I. The permeate 
sizes show a very slight dependence on flux, both in terms of distribution and Sauter 
mean size, but negligible effect is produced on both by changing the feed size. The 
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Sauter mean size throughout the twelve tests is 2.6-3.1 ~m with the distributions of all 
permeate sizes having a cut-off of 13 ~m. This cut-off is dependent on the 
deformability of the droplets, which is dependent on the TMP. This is generally 
constant throughout the tests. 
7.1.2.5 Filtration with BOPP 200 
The BOPP 200 woven mesh possesses a manufacturer's absolute rating of 12-14 ~m 
and reasonably should be expected to perform poorer than the tighter pore size of the 
BOPP 325 filter. The experimental results are shown in Appendix B: Section B.5 and 
below in Figures 7.3-7.10. These show oil rejection to be low for all but the largest of 
feeds and smallest fluxes where a value of 65 % is obtained. Rejection for the last 
two emulsion feeds is typically less than 30 % and reaches a low of 17 % for emulsion 
number four. The TMP to achieve the test fluxrates ranges from 7 kPa to 22 kPa with 
a corresponding filtration resistance of typically 4 x lOll m· l. The permeates produced 
during filtration show approximately constant permeate Sauter means and distribution 
during the four flux tests and are generally slightly below the size distribution of the 
feed. 
7.1.2.6 Filtration with Betamesh 
The Betamesh filter is a plain Dutch weave with a warp wire over double the size of 
the weft yet with a tight weaving that produces a manufacturer's rating of 15-17 ~m. 
The experimental results of filtration are presented in Appendix B: Section B.6 and 
below in Figures 7.3-7.10. Analysis of oil rejection during the tests show results of 
less than 40 % for most tests with the last three emulsions typically having rejections 
of just 20 %. The filtration is conducted with TMP's rising gradually as the test series 
progress from a starting value of 2 kPa to a final value of 10 kPa, this indicates that a 
degree of fouling is occurring. Correspondingly the filtration resistances gradually 
rise throughout the tests from an average start of2 x IOlO to and end of5-6 x 10lO m· l . 
The permeates produced during the filtration show results that depend slightly on the 
fluxrate with the initial 200 I m·' h· l test possessing the smallest size however the size 
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distributions of the permeates are not too dissimilar to those of the retentate with 
droplets of up to 100 /lm in size. 
7.1.2.7 Filtration wit" Robusta 
The Robusta filter is a plain Dutch weave filter of the same type of construction to the 
Betamesh. However it uses a warp wire of three times the weft wire and uses a warp 
spacing significantly below that of the Betamesh. Overall, the manufacturer's rating 
is 18-21 /lm. Experimental testing with this filter is detailed in Appendix B: Section 
B.7 and below in Figures 7.3-7.10. The filtration of emulsions is respectable for 
emulsions one and two, with an average rejection of 65 % and 50 % respectively. For 
the two smallest feed emulsions, the average rejection is poor with 25 % for the third 
feed size and 8 % for the fourth. In all tests the rejection is directly related to the flux, 
dropping as the flux rises, and when the flux is returned to 200 I m" h·1 the rejection 
is predominantly well within 10 % of the first 200 I m-' h- I test of each emulsion feed 
size. 
The TMP's required for filtration are predominantly small with a peak value of 
slightly over 5 kPa and typical values of 1.7-3.4 kPa. The resulting filtration 
resistance rises slightly as the experimental work progresses from a start of 
approximately 3 x 1010 to a maximum of 9 x 1010 m-I. This indicates that fouling is 
relatively small. The permeate sizes and distribution produced for emulsions one to 
three are consistently significantly smaller than the feed emulsion with Sauter mean 
sizes typically around 3-5 /lm. For the last emulsion the feed is small enough that the 
rejection is almost zero and so the permeate matches the feed in both Sauter mean size 
and distribution. 
7.1.2.8 United wire 
The united wire filter is a simple weave of identical warp and weft wires. The 
rejection of a challenge material is simply by the square hole in the mesh, which the 
manufacturer quotes as 26 /lm. The experimental evaluations using this are detailed 
in Appendix B: Section B.8 and below in Figures 7.3-7.10. Experimentally rejection 
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of the emulsion feeds which predominantly contains oil drops of similar size to the 
pore size is negligible for most tests with below 20 % rejection at all but 200 I m·' h· t 
flux with the largest emulsion. In this case, the rejection is only 50-60 %. 
Correspondingly the permeate Sauter mean sizes and size distributions are essentially 
identical to the feed challenge emulsion. The TMP's required for experimentation 
vary from 2-14 kPa whilst the filtration resistance varies somewhat erratically 
between tests with a mean value of approximately 5 x 10" m· t • The TMP and 
rejection follow the change in flux with higher TMP's required and lower rejections 
produced for an increase in fluxrate. 
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Figure 7.3: Oil rejection, by turbidity, during flat sheet 
filtration of Emulsion # 1 with seven filter types. 
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Figure 7.5: Oil rejection, by turbidity, during flat sheet 
filtration of Emulsion # 3 with seven filter types. 
7-9 
c 
" 
-= ... 
" .~ 
" ... 
i5 
-:~ 
E 
~ 
" ... c 
" 
-
~
. ;;; 
" ... 
c 
" -= 
" ... 
-= ii: 
100% 
.Ist : 200 flux 
.2nd : 500 flux 
80% o 3rd : 700 flux 
D4th : 200 flux 
60% 
40% 
20% 
0% 
Bekaert Nickel Bopp 325 Bopp 200 Betamesh Robusta United 
veco wire 
Figure 7.6: Oil rejection, by turbidity, during flat sheet 
filtration of Emulsion # 4 with seven filter types. 
3.00E+ 11 
.Ist : 200 flux 
.2nd : 500 flux 
2.50E+II D3rd : 700 
o 4th : 200 flux 
2.00E+II 
1.50E+ll . 
1.00E+ 11 
5.00E+IO 
O.OOE+OO 
Bekaert Nickel Bopp 325 Bopp 200 Betamesh Robusta United 
veco wire 
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7.1.3 Discussion 
The experimental evaluations were conducted to assess the effectiveness of each filter 
in reducing the oil level of an emulsion. Three types of metal filters were used, a 
depth filter (Bekaert), a perforated surface filter (Veco) and woven filters of three 
forms, twilled Dutch (BOPP 325/200), plain Dutch (Betamesh & Robusta) and simple 
weave (United wire). The filtration conditions were identical for each with the same 
emulsion feeds, fluid hydrodynamics in the filter channel and filtration parameters. 
Therefore any filtration performances are directly comparable and are an effect solely 
of the filter. 
The most effective ftlter in terms of rejection is the Bekaert filter with typically over 
90 % of the oil rejected using a number of feed sizes and fluxrates. However during 
filtration the resistance rose from 4 x 1010 to in excess of 3 x lOll m-I with the rate 
appearing to increase as filtration continued, see Figure 7.11. This indicates that 
fouling was occurring rapidly, probably due to internal fouling rather than surface 
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fouling, as the fluid flow over the filter is fast, c. I m s"', and fully turbulent, 6006 
Reynolds Number. This is confirmed by the TMP, which started at 2 kPa and rose to 
around 40 kPa, by the end of filtration. In comparison, the Veco filter was able to 
reject 70-85 % oil at the three larger feed sizes using TMP's of 2 kPa to 19 kPa at the 
worst case. During the filtration runs the filtration resistance rose at a significantly 
lower rate and in a linear manner with start and finish values of approximately 2 x 
1010 and 1 x 10" m"'. Significantly, the Veco filter rejected all droplets of greater than 
20 flm size for all filtration conditions. 
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The woven filters in general performed significantly poorer than the Bekaert and Veco 
tests with rejections substantial below and filtration re si stances substantially higher 
than the equivalent tests of non-woven filters. Of these filters, the BOPP 325 achieves 
better filtration results than the other meshes and occasionally produces rejections 
comparable to that of the Veco experiments. However, it produces filtration 
resistances of roughly double that of the Veco tests and frequently requires higher 
TMP's. 
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One interesting result of the evaluation of the woven meshes is that the Robusta filter 
performs more effectively than the tighter pores of the Betamesh filters. For all but 
the second emulsion it possesses rejections significantly higher whilst producing 
filtration resistances of up to half of the Betamesh filter. The improved performance 
must be attributed to the slight differences in construction with the Robusta using a 
much closer weave of the warp wires. This can be observed in Figure 3.12, page 3-
17. 
In general, the weaves of the filters are such that once particulate matter becomes 
stuck in the weave there is considerable space around it. Mechanical cleaning by 
back flush will be somewhat impaired by not being able to apply its full force to the 
trapped particulate with considerable bypassing of the flow. A similar problem exists 
for the Bekaert depth filter where flow can easily bypass a trapped object. For the 
Veco filter this problem is somewhat reduced as the circular pores of conical cross 
section allow particulates to plug at the pore throat only and so any backwash cannot 
bypass the pore readily. 
Throughout this work size analyses of permeate have shown that drops permeating 
through the filter can be many times the actual pore rating of the filter. This suggests 
that the droplets are considerably deformable and are able to squeeze through the 
pores. Droplet break-up during passage through pores does not appear to occur as 
experiments with minimal rejection show permeate with identical size distributions to 
the feed with the largest drop size many times greater than the pore size. Of the seven 
filters two, BOPP 325 & Veco show consistent largest drop sizes throughout the full 
experimental evaluations. The BOPP 325 shows a largest size of 13 /lm whilst the 
Veco cuts-off at 20 /lm. No droplet of greater than these sizes appears in the 
permeates for any individual permeate fluxrate test. The remaining five filters allow 
droplet of sizes up to the largest in the feed to pass through the filter into the 
permeate. It is common to see an 80-100 /lm droplet in their permeates. During the 
experiments it was found that abrupt changes in filtration parameters caused large 
droplets to appear in the permeate, this is due to momentarily high TMP's which 
deform drops through the filter. This problem was controlled by minimising all 
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changes to filtration parameters when running and when absolutely required were 
conducted as gently as possible. 
Flux dependence of the filtration parameters occurs as is expected. As flux is 
increased the rejection decreases and the permeate size increases. This is due to the 
higher TMP necessary for the fluxrate, which is able to deform larger drops through 
the filter pores. Once the fluxrate is reduced to the same 200 I m" h" flux used at the 
start of the four fluxrate experiments the filtration performance rarely returns to the 
initial 200 I m" h" flux test. Commonly the rejection is noticeably reduced, the 
permeate size higher and significantly higher TMP's are needed to maintain the flux. 
This occurs as the filter is fouled progressively throughout the experiments creating an 
additional resistance to flux. 
7.1.4 Conclusions 
Overall the performance of the various filters indicates that for absolute rejection the 
Bekaert filter is ideal however it fouls rapidly which as this is predominantly internal 
fouling will result in some degree of irreversible fouling even provided aggressive 
cleaning chemicals are used. However, the Veco filter is able to produce rejections 
only 10-20 % below the Bekaert for all but the smallest of emulsion feeds. It is also 
able to achieve this with a significantly smaller rise in filtration resistance. When 
compared to the woven filters the Bekaert and the Veco regularly have higher 
rejections and lower filtration resistances. The highest performing woven filter is the 
twilled Dutch weave BOPP 325 which commonly has rejections of double the other 
woven filters. 
For further research on emulsions usmg crossflow filtration with imposed fluid 
rotation it is essential that not only does the filter perform well but that it can also be 
formed into tubular filters with sufficient mechanical strength. The Bekaert filter and 
the BOPP 325 mesh are both mechanically weak without the use of a substantial filter 
support whilst the Veco filter is somewhat self-supporting. In terms of manufacture, 
the Bekaert and Veco can be sealed simply by the use of a solder seam, however this 
is somewhat more complicated for the open mesh of the BOPP filter. To be suitable 
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for further work the filter must be practical for modifications to reduce the pore size of 
the filter such that filtration performance can be improved. The BOPP filter is not 
suitable to be modified as the pore is a gap between crossing weave wires, whilst the 
Bekaert filter cannot be modified readily in anyway possible. However the Veco filter 
is a perforated filter of solid Nickel construction with circular pores and is suitable for 
surface modification. 
Overall, the BOPP is not satisfactory for further work due to its mechanical weakness, 
lower filtration performance and impracticality of pore modification. The Bekaert 
filter whilst performing exceedingly well is not practical as the internal fouling of the 
filter rapidly produces high filtration resistances. It is also somewhat mechanically 
weak and its pore size cannot readily be modified. The Veco filter is therefore the 
choice for the work presented in the following chapter as its filtration performance is 
good whilst it is mechanically strong and readily altered in terms of pore size. 
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7.2 TUBULAR FILTRATION: FLUID HYDRODYNAMICS 
7.2.1 Introduction 
The filtration of emulsions with tubular filters is split into three main sections. The 
configuration of the inserts is detailed in Section 7.2.2 whilst the hydrodynamics of 
the fluid within these configurations is described in Section 7.2.3. Subsequently, in 
Section 7.3 the results of filtration performance with a variety of filters, inserts and 
operating conditions are described and discussed. 
7.2.2 Filtration insert specifications 
Each insert can be characterised by a number of parameters, which are described and 
derived for each insert configuration in Chapter 4. These parameters are expressions 
for the path through which the fluid flows and can be used to describe the fluid 
hydrodynamics. For a filter with no insert the parameters required are the filter 
diameter, with this the cross sectional area to flow can be simply calculated. Similarly 
for the rod insert the filter and rod diameters define the cross sectional area to flow 
and are used to derive the hydraulic mean diameter necessary for Reynolds number 
calculations. The helical inserts are the most complicated as the flow channel is a 
complex shape between the insert and filter, and can be thought of as a rectangle that 
has been squashed into a circular annulus and is askew from the normal angle of the 
annulus. For this work this was simplified to a rectangle whose dimensions were 
calculated from the lengths of the helical path and the free volume within the helical 
path. From these values, the cross sectional area to flow and hydraulic mean diameter 
was derived using the theory of Chapter 4. 
Using the equations for hydrodynamic behaviour derived previously and values for 
the filter diameter of 14 mm & rod diameter of 5 mm, the no insert and rod insert 
parameters can be described by the values in Table 7.1. The helical inserts can be 
described by the helical path length, the axial path length and the free volume given in 
Table 7.1, which produces the parameters shown on the right side of the table. 
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Insert 
No insert 
Rod insert 
70 
mm Helix 
42 
mm Helix 
14mm 
Helix 
Table 7.1: Specifications and characteristics for the insert 
configurations. 
Helical path Free volume Axial path Cross 
length, L to flow, V length, Lp sectional 
(mm) (mm') (mm) area to flow, 
A, (mm') 
- - - 153.9 
- - - 134.3 
328 36,417 310 111.0 
357 37,567 322 105.2 
511 32,566 303 63.7 
Hydraulic 
mean 
diameter, dh 
(mm) 
14 
9 
7.612 
7.548 
6.830 
The calculated values of cross sectional area to flow and hydraulic mean diameter 
indicate that as would have been expected the channel area to flow decreases with the 
use of a rod insert and yet further with the use of helical inserts. However the 
differences between the 42 and 70 mm pitch helices is small, whilst the 14 mm pitch 
helix is considerably lower. This is also true for the hydraulic mean diameters with 
the no insert at 14 mm, the rod insert at 9 mm whilst the 70142 pitch helices are almost 
identical, near to 7.6 mm. The 14 mm helix is 6.8 mm. The variation of the hydraulic 
mean diameter against helical pitch length is shown below in Figure 7.12 and shows 
that the dh value changes little with increases in pitch length over 40 mm. 
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Figure 7.12: Variation in hydraulic mean diameter with pitch 
length for helical inserts. 
The helical inserts can also be described by two dimensionless numbers the torsion 
and curvature. The results of the calculation of these numbers for each insert are 
presented in Table 7.2 and iIJustrated graphicaIJy in Figure 7.13. 
Table 7.2: Torsion and curvature for the three helical inserts. 
Insert Torsion Curvature 
70 mm Helix 0.289 0.123 
42 mm Helix 0.375 0.267 
14 mm Helix 0.276 0.589 
The torsion of the helical path can be considered to be approximately constant for the 
three pitches used in this work. This is reasonable given that the radius of the flow 
around the rod is identical for aIJ three inserts. The curvature however is strongly 
dependent upon the pitch and indicates that the smaller the helical pitch the more 
curved the path to flow is. 
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Figure 7.13: Variation in curvature and torsion with pitch 
length of helical inserts. 
7.2.3 Fluid hydrodynamics with and without inserts 
= U 
The behaviour of the flow stream in the flow channel produced by the insert 
configurations can be described by a number of parameters previously discussed in 
Chapter 4. For all inserts these are the channel velocity, the Reynolds number and the 
wall shear. For the helical inserts further parameters can be used, these are the g-
factor and the emulsion droplet cut-off size. 
To evaluate fully the fluid dynamics these parameters are related graphically to the 
bulk feed flowrate in the following five figures. Subsequently comparisons of the 
fluid hydrodynamics are discussed in relation to maintaining the same feed flowrate 
for each insert and also for maintaining the same wall shear between insert 
configurations. 
The channel velocity produced for a given bulk feed flowrate is dependent solely upon 
the cross sectional area to flow. The value of A, has been shown previously in Table 
7.1 where the order of decreasing value is no insert, rod insert, 70,42, 14 mm helix. 
A simple way to compare these results is to show the velocities required by each 
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insert configuration to maintain the same velocity. For a: constant channel velocity 
between the insert configurations of 0.5 m s" the bulk feed rates required are 4.5 (No 
insert), 4 (Rod), 3.4 (70 mm Helix), 3.2 (42 mm Helix) and 1.9 I min" (14 mm Helix). 
In effect, the use of the 14 mm Helix reduces feed flow by 58 % with a substantial 
reduction in pumping costs. Similarly, the rod uses 11 % less flow, and the 70 and 42 
mm helices 25 & 29 % respectively. 
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Figure 7.14: Channel velocities produced within the filter-
insert channel by bulk feed flowrates. 
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The Reynolds number of the fluid within the channel to flow is illustrated graphically 
in Figure 7.15. This indicates that the use ofa rod insert or 70 & 42 mm helices act to 
settle the flow, reducing the Reynolds number by an average of 22 %, whilst the 14 
mm helix increases Reynolds number by 18 %. To maintain a Reynolds number of 
6,000 with the insert configurations the required bulk flowrates are 4 (No insert), 5.4 
(Rod), 5.3 (70 mm Helix), 5 (42 mm Helix) and 3.3 I min-' (14 mm Helix). 
A commonly utilised method for comparison of experimental results is to use the wall 
shear produced by the liquid flow. This gives some indication of the forces acting 
upon the filter and especially those that act upon any fouling layer present. The 
equation for the wall shear in each insert configuration are plotted in Figure 7.16 and 
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show for the same crossflow rate that the wall shear increases rapidly with reduction 
in area to flow. Compared to the no insert configuration the improvements in wall 
shear for inserts are x 2.4 (Rod), x 3.2 (70 mm helix), x 3.4 (42 mm helix) and x 5.6 
(14 mm helix). Correspondingly for experiments conducted at a constant shear level 
of 0.5 Pa the feed flow conditions required are 4 (No insert), 1.8 (Rod), 1.2 (70 mm 
Helix), l.l (42 mm Helix) and 0.71 min·' (14 mm Helix). 
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Figure 7.15: Channel Reynolds number produced within the 
filter-insert channel by bulk feed flowrates. 
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The g-factor is a measure of the forces on a droplet by the centrifugal field generated 
by the helical insert. It is presented in Figure 7.17 as a function of the force at the 
wall of the filter (radius = 7 mm) and at the surface of the rod insert (radius = 2.5 
mm). The g-factor by Equation 4.34, page 4-11, is dependent on the square of the 
tangential velocity and inversely dependent on the radius at which the force is acting, 
such that the values obtained using the two radii give significantly different results. 
For the flowrate of 4 I min-1 the g-factor at the inner surface was typically three times 
that at the wall. This indicates that the higher centrifugal effects will be produced for 
a smaller filter diameter. Comparisons of the three helices shows that as would be 
expected that the tighter the helix the greater the g-factor produced. The 42 & 70 mm 
helices produce generally similar results with values significantly below the 14 mm 
helix. At 4 I min· 1 flowrate the 14 mm helix has a g-factor some twenty times greater 
than the 70 mm helix and 10 times greater than the 42 mm helix. 
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Figure 7.17: g-factor produced on emulsion droplets at the 
wall (r = 7) and at the inserts inner surface (r = 
2.5). 
The cut-off drop size is the oil drop size which when present at the filter wall is under 
the influence of equal velocities due to permeation as to centrifugal motion. In effect 
it is unable to either pass through the filter or move away form the filter wall. Any 
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drop size larger than this cut-off value will be induced to move towards the centre of 
the filter. The cut-off value is not an absolute value as it varies with radius from the 
filter axis. For a drop at the centre of the flow channel the cut-off size is somewhat 
lower. The net effect is that the emulsion challenging the filter surface will likely be 
somewhat smaller than the mean feed emulsion by the effect of the centrifugal motion 
of larger drops. Evaluations of the cut-off size are shown in Figure 7.18 and indicates 
that the cut-off size is lower for tighter helices, for a constant 4 I min" feed flowrate at 
a 200 I m" h" fluxrate the 42 mm helix has a cut-off IS % below the 70 mm whilst the 
14 mm has a 52 % reduction. Similarly for a droplet cut-off size of 10 Ilm at 200 I m" 
h" fluxrate the 70 mm helix requires a bulk feed rate of 6 I min", the 42 mm helix 4.4 
I min", and the 14 mm helix 1.6 I min". For increased fluxrates, the cut-off size 
worsens by a comparable amount. The figures for the 70 mm helix indicates that for a 
droplet cut-off size of 10 Ilm a 400 I m" h" flux requires a 13 I min" flowrate whilst at 
600 I m" h" a 20 I min" flow is required. 
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Figure 7.18: Emulsion droplet cut-off size produced by the 
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A companson of the fluid hydrodynamics found in the insert configurations and 
discussed earlier in this section is presented below in Table 7.3 for a constant 4 I min·1 
crossflow feed rate. 
Table 7.3: Fluid hydrodynamics produced in the filter-insert 
channels by a constant bulk crossflow rate of 4 I 
min· l . 
No insert Rod 70 mm 42 mm 
insert Helix Helix 
Channel velocity (m S·I) 0.43 0.50 0.60 0.63 
Reynolds number 6,063 4,468 4,570 4,782 
Wall shear stress (Pa) 0.247 0.583 0.801 0.845 
g-factor at wall 0.56 1.09 
Cut-off size (flm) 12.7 10.8 
7.3 TUBULAR FILTRATION: EMULSION FILTRATION 
7.3.1 Introduction 
14mm 
Helix 
1.05 
7,144 
1.395 
10.33 
6.15 
The evaluation of filtration with tubular surface filters is presented in the following 
sections. This invol ves investigations into the use of the Veco filter material in both 
an 'as provided' form (Section 7.3.2) and with surface modification to reduce the pore 
size (Section 7.3.3 onwards). The pore size analyses of all filters used in this work 
have been presented earlier in Chapter 6 (pages 6-16 to 6-19) and are discussed briefly 
in the relevant sections below as appropriate. 
The experimental work presented here is separated into seven sections. Section 7.3.2 
investigates the use of the unmodified filter with filtration inserts and a constant 
crossflow rate between tests of 4 I min· I Section 7.3.3 compares filtration using two 
very similar filters with one in a normal orientation (pore throat to flow) and the 
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second reversed (pore throat away from flow). These tests are very close in emulsion 
feed sizes and filtration conditions. The effect of crossflow rate on filtration is 
discussed in Section 7.3.4, and the effect of higher fluxrate on filtration is analysed in 
Section 7.3.5, whilst the use of air backflushing is discussed in Section 7.3.6. Finally, 
the use of electrolytically generated bubbles produced in the feed stream is evaluated 
in Section 7.3.7. 
The feed emulsion used in all tests was produced by the same method (Section 3.2), 
with the only exception being that the emulsion for the production of fine bubbles by 
electrolysis contained a quantity of Sodium Nitrate to improve its conductivity. In 
general the emulsion was produced at a concentration of 1000 ppm of oil with a 
Sauter mean size distribution that varied from 4-13 flm, whilst the largest drop size 
varied from 15-120 flm. The measurement of this size distribution was conducted by 
a Coulter LS 130 for experimentation with the unmodified filter and by a Coulter 
Multisizer for all other work. The concentration of oil was determined by Atomic 
Absorption analyses of complexed copper in the oil. 
7.3.2 Filtration using unmodified Veco tubular filter 
A single section of virgin Veco filter was manufactured into a tubular filter with a 
normal orientation (pore throat to flow). From the SEM analysis of this material 
detailed in the experimental chapter (pages 3-13 to 3-15) it has been previously 
determined that the pores are essentially circular with a pore diameter of 13 flm as 
opposed to the manufacturer's rating of 20 flm. This was utilised in a number of 
crossflow filtration experiments using no insert, three helical and a rod insert with all 
tests conducted at a constant crossflow rate of 4 I min". The emulsion used 
throughout these tests was a single tank of 1000 litres with a 1000 ppm oil 
concentration. This was utilised in a single pass of the tanks contents such that the 
emulsion feed was identical for all experiments with a Sauter mean diameter of 4.9 
flm (determined from Coulter LS 130 data). This value is not strictly comparable to 
work conducted with the Coulter Multisizer as has been explained previously in 
Section 6.4 (page 6-15), however for subsequent experimental work it can be 
reasonably assumed to possess a mean size in the range of 10-13 flm. 
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Five emulsion experiments were conducted usmg the five different insert 
configurations. The fluid hydrodynamics (Appendix C: Table C.I) indicate a gradual 
rise in the velocity for the inserts none/rodl70/42 mm Helix from 0.43 m s·] to 0.65 m 
s·, with the 14 mm helix flowing at 1.1 m s·'. The Reynolds number does not follow 
this pattern with the rod and 42170 mm Helices producing values of 4,600-4,900 
whilst the no insert is 6200 and the 14 mm helix was 6100. From this, it can be 
concluded that the flow in the latter two insert configurations is similar, with the 
previous three all significantly more settled in flow. 
The experimental results of these filtration evaluations are detailed in Table 7.4 and 
collated graphically as size distributions, Figure 7.19, and grade efficiencies, Figure 
7.20. Experimental results of permeate flux and filtration resistance with time is 
shown in Figures C.3-C. 7. The tabulated results of the experiments indicate the 
typical oil rejection lies between 43 and 55 % with the order of no insert, rod, 70 mm 
helix, 42 mm helix and finally 14 mm helix. Direct comparisons of the values show 
the rod to achieve a rejection 5 % over that of the no insert experiment whilst the 
lowest helix result (70 mm) is a further 5 % improved. Little improvement occurs for 
the 42 mm helix over the 70, however the 14 mm is 3 % higher than the 70 mm helix. 
A similar trend occurs in permeate size for all bar the rod insert. In general, as 
rejection improves the Sauter mean size reduces, however the rod insert's value is 
slightly higher than the no insert experiment. 
Further comparisons of the data can be drawn from the filtration resistance and trans-
membrane pressure data with significant reductions in both as the experiments 
progress up to the 14 mm pitch helix. This latter test produces a TMP some 6 times 
greater than the no insert test and with a filtration resistance slightly higher. These 
results occur as the pressure drop over the length of the 14 mm helix is considerable 
whereas for the remaining inserts it is negligible. Experimentally this means that to 
produce the desired permeate fluxrate a considerable backpressure needs to be applied 
which produces a high TMP. Of the remaining experiments the 42 mm helix test is 
worthy of note as the filtration is achieved with a TMP of 32 % that needed for the no 
insert experiment, which produces a 22 % reduction in permeate Sauter mean size and 
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a 25 % reduction in filtration resistance. Significantly no experiment produced 
fouling of the filter, however the high fluid flowrates somewhat mitigate against 
fouling with a filter possessing pores of sizes close to the feed emulsion. 
Experiment 
1 
2 
3 
4 
5 
6 
Table 7.4: Experimental results for emulsion filtration using an 
unmodified Veco filter. 
Insert Wall shear Initial flux TMP Initial Penneate Rejection Comments 
(Pa) (I mol hoL) (Pa) filtration Sauter (%) 
resistance mean size 
(m") (~m) 
No insert 0.253 200 1,536 5.6 x 1010 3.56 42.70 
Rod insert D.600 200 1,216 4.8 x 1010 3.65 47.68 
70 mm Helix 0.819 200 954 4.6 x IOw 2.87 52.37 
42 mm Helix 0.864 200 486 4.2 x 1010 2.79 52.99 
14 mm Helix 1.439 200 9,199 5.7 x 1010 2.62 55.28 
No insert Solids test 
During the experimental work a number of permeate samples were taken and are 
presented below in Figure 7.19 in terms of size distribution. These indicate that the 
overall size reduces with reducing pitch length of the helices, whilst being 
considerably smaller than the permeate produced for the experiment with no insert. 
The rod insert however produces a size slightly larger than the no insert, These 
permeate sizes can be combined with rejection data and the feed emulsion size 
distribution to show the grade efficiency as shown in Figure 7,20. This indicates that 
the no insert test is slightly more efficient than for the rod insert test at smaller sizes 
whilst the rod is more efficient at higher sizes. The helical inserts produce grade 
efficiencies significantly higher than the rod and no insert tests with the 14 mm helix 
showing the highest grade efficiencies. As a comparison of all these tests the grade 
efficiencies for a 20 J.!m droplet size are rod insert: 32 %, no insert: 36 %, 70 mm 
helix: 68 %, 42 mm helix: 76 % and finally 85 % for the 14 mm helix, 
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Figure 7.19: Feed and permeate size distributions occurring 
during filtration with an unmodified Veco filter. 
0.8 .. 
0.2. 
oL. lU~~--~----+-~~==~ 
o 20 
Emulsion droplet diameter (Jlm) 
Figure 7.20: Grade efficiencies produced during emulsion 
filtration using inserts. 
The effect of centrifugal motion on the droplet cut-off size can be evaluated using the 
experimental data and mathematical predictions. These predictions are the largest 
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droplet size that should be present in the permeate as calculated from the permeation 
velocity towards the filter and the centrifugal velocity away from the filter. For the 
three helices, the cut-offs calculated are 6.5 flm for the 14 mm helix, 20.2 flm for the 
42 mm helix and 28.1 flm for the 70 mm helix. Comparing this data to the 
experimentally determined grade efficiencies indicates that these values are not the 
cut-offs observed during testing. The grade efficiencies at these three predicted sizes 
are 0 %, 76 % and 89 % respectively. From the experimental data the absolute cut-off 
droplet size is difficult to determine from the permeate size distributions and grade 
efficiencies due to the presence of small quantities of large droplets which produce a 
gradual tail off of the data with the permeate size data (Figure 7.19) indicating a 
droplet cut-off size of 50-60 Ilm. However, a more reasonable method of determining 
the cut-off would be to extend the linear central section of the grade efficiency curve 
to the top of the graph (Figure 7.21). Using this method only a small number of very 
large droplets will be disregarded. Experimentally this cut-off is 21 flm (14 mm 
helix), 24 flm (42 mm helix), 27 Ilm (70 mm helix), 35 Ilm (Rod insert) and 37 flm for 
no insert. The most likely explanation for the considerable difference between 
expected and experimentally determined cut-off values is that the fluid 
hydrodynamics within the filter have a significant effect upon the centrifugal flow of 
the droplets. In effect the fluid flow prevents fully formed centrifugal flow of drops 
away from the filters walls. 
An additional test was performed to investigate the filters effectiveness in filtering a 
solids suspension. This was conducted with no insert at the same 4 I min-' flowrate 
and using a feed of 100 ppm of Silica in water with a very broad size distribution. 
This was determined to be 100 % less than 24 flm. Testing using this feed occurred 
with a constant TMP and showed that the produced filtration resistance was constant, 
which indicates that fouling was negligible and therefore the presence of silica in the 
permeate is a direct effect of the sieving action of the filters pores and is a direct 
indication of the pore size. The results of this test are plotted as grade efficiency in 
Figure 7.20 and indicate that the largest particle in the permeate is 20 Ilm, which 
agrees with the manufacturer's rating. From this it must be concluded that the 
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presence of oil drops over 20 Ilm in the permeates of the previous experiments are due 
to their deformation through the pores. 
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Figure 7.21: Estimation of the droplet cut-off size by linear 
approximation. 
7.3.2.1 Conclusions 
60 
Filtration of emulsions has been conducted with a tubular filter of Veco filter material. 
This was evaluated using the five insert configurations of rod and helices with all run 
at a constant 4 I min" cross flow feed rate. The emulsion used for this work was 
determined to have a Sauter mean pore size of 4.9 Ilm from Coulter LS 130 data which 
as was noted in Section 6.4 is artificially low due to the presence of a tail in the low 
size end of the data. A comparable emulsion from the Coulter Multisizer would have 
a Sauter size of 10-13 Ilm. This emulsion was used in a single pass for all tests to 
ensure direct comparability of results. 
The results from experimental evaluations indicate that, in general, the rejection is 
near to 50 % for all insert configurations with the rod performing better than the no 
insert and the helices slightly better still. The highest rejection, grade efficiency and 
smallest permeate size was produced for the 14 mm helix, however this required a 
TMP some 6 times greater than the no insert test. A more useful result is that the 42 
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mm helix produces rejections only 3 % under the 14 mm helix yet with a TMP of 
under 500 Pa, approximately one third of the no inserts TMP. 
Comparisons of emulsion filtration to that using a silica feed indicate that the filters 
largest pore size is 20 flm and that oil droplets of up to 100 flm exist in the permeate. 
Therefore, it must be assumed that the emulsion droplets are considerably deformable. 
The cut-off size of the filter can be reasonably approximated for the data by the linear 
data fit shown earlier which indicates that the cut-off is from 21 to 37 flm and is 
always significantly greater than the values predicted from permeation and channel 
velocities. It is reasonable to assume that the flow regime within the filter prevents 
fully formed centrifugal flow from occurring and this limits the effectiveness of the 
induced helical flow. 
7.3.3 Filtration using normal and reversed filter operation 
The Veco filter has been noted previously in this work to possess circular pores on the 
normal side, which open gradually towards the reversed side forming a conical shape. 
The filtration properties of this with an emulsion feed may be dependent to some 
degree on the orientation of this filter towards the feed flowrate. Therefore a series of 
experiments were conducted with two filters, one in the normal orientation with the 
pore throat to the flow and one in the reversed orientation with the throat away from 
the feed. The filters to perform this evaluation were both manufactured from adjacent 
sections of filter material from a large sheet and constructed into tubular form with 
one designated normal, filter 3221, and the other reversed, filter 3222R. Both were 
surface modified to reduce the pore size in consecutive operations with identical 
conditions used for both such that in theory identical pore size reductions would be 
attained. The pore size analyses of these were evaluated in Chapter 6 with the normal 
filter having a mean size by flow of 3.3 flm and bubble point of 8.2 flm whilst the 
reversed filter possesses values of 3.7 flm and 9.6 flm respectively. The pore size 
distributions of both filters are shown in Figures 6.3 and 6.4 (pages 6-16 to 6-17) and 
show considerable similarity, therefore it is reasonable to assume that the two filters 
are comparable in terms of pore sizes with the reversed filter only marginally larger. 
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The two filters were evaluated by an identical series of tests using the five insert 
configurations seen previously in the experiments with the unmodified filter. These 
were originally intended to be conducted at the same wall shear such that the helices 
were run at 3 1 min" crossflow rate, the rod insert at 3.5 1 min" and the no insert 
experiment at 4 1 min-'. However due to later modifications in the calculation of wall 
shear this has proved to not be the case. Therefore direct comparisons with the insert 
configurations are not ideal, however with the two filters conducted with the same 
experiments then the effects of the two filter orientations are directly observable for 
each insert configuration. Direct comparisons are also facilitated by the use of a 1000 
litre feed emulsion volume which was used for all tests with the 3221 normal filter in 
a single pass and then for the reversed filter, 3222R, in the return pass. Size analyses 
of these two emulsions are presented in Figure 7.22 and can be seen to possess 
considerable similarity. The Sauter mean diameters of the two were determined to be 
5.3 flm for filter 3221 and 5.4 flm for filter 3222R. It is reasonable to assume 
therefore that both filters were tested with very similar emulsion feeds and so 
comparisons between results for both will not be affected by any feed differences 
between tests. 
The experimental data for the filter evaluations are presented below in Tables 7.5-7.6 
with the grade efficiencies illustrated graphically by Figures 7.23-7.26. The actual 
experimental data is contained within Appendix C: Section C.l.3 with each 
experiment detailed as a flux decay/filtration resistance graph, emulsion size 
distribution graph and a grade efficiency graph. The fluid hydrodynamics produced 
within the filter are detailed in Tables C.3 and C.4 in Appendix C and indicate that 
some basis of comparison does exist for individual insert experiments. For all but the 
14 mm helix the channel velocities are very close, with a range of 0.43 to 0.49 m s·'. 
The 14 mm helix has a channel velocity of 0.8 m s·'. A comparison using wall shear 
also exists with the 42, 70 mm helices and the rod insert all producing a wall shear of 
0.5-0.6 Pa. In comparison the no insert produces 0.25 Pa and the 14 mm helix 1.1 Pa. 
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Figure 7.22: Comparison between the feed emulsion for the 
normal orientation (Sauter mean of 53 fim) and 
the reversed orientation (Sauter mean of 5A fim). 
The results of the orientation evaluation experiments are tabulated below (Tables 7.5-
7.6) and indicate that in general filtration of the emulsion produces in the region of 
50 % rejection for a TMP of 13-20 kPa and filtration resistance of 2-3 x ]Oil m· l . 
Comparisons of this data with that of the unmodified filter and also of the insert 
configuration within each of the two filters evaluations are not presented here as they 
are not relevant to the evaluation of the filter orientation. However, it can be readily 
observed that the data for the insert configurations generally follows the trends 
observed in the unmodified Veco tests. 
Comparisons of the experimental data for the two filter orientation indicates that in 
terms of rejection the reverse orientated filter with helical inserts is comparable or 
slightly better than the normal orientation. For the rod and no insert tests the rejection 
data is confused by the occurrence of fouling. This causes a very gradual decline of 
flux for the reverse orientated filter with steady state values resulting of 175 1 m-' h- I , 
rod, and 165 1 m-' h- I , no insert. In comparison the normally orientated filter fouls 
rapidly with the rod insert to a steady flux of 140 1 m-' h- I , whilst the no insert test 
fouls significantly quicker still, with no steady state value in evidence. For the two 
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7.3.3.1 Conclusions 
A number of filtration experiments were conducted to assess the two different 
possible orientations of the Veco filter. These occur as the filter possesses a conical 
pore shape with a pore throat diameter of 20 % of the open side of the filter. The two 
orientations of normal (pore throat to flow) and reversed (pore throat to permeate) 
were produced using surface modification of the original filter material at identical 
conditions to produce comparable pore sizes. These were evaluated using the five 
insert configurations with a very similar emulsion for all. 
Results from the experimental work indicate that the reverse orientation possesses 
some degree of higher filtration performance than the normal orientation. It operates 
at rejections slightly higher and with TMP's and filtration resistances offrom 4-13 % 
under those of the normal orientation. It produces these for a mean pore size by flow 
of 12 % higher than the normal filter and with a bubble point 17 % higher. This latter 
figure is more important as the filtration results are strongly affected by the larger 
pores which proportionally pass a higher portion of the flux than do the smaller pores 
and will permit much larger drops of emulsion to deform through. 
A main advantage to the reverse orientation is the reduction in the fouling for the rod 
and no insert tests. The normal filter fouls significantly quicker and requires air 
backflushing to maintain the 200 I m" h" flux desired. The reverse filter attains a 
steady state flux level of at worst 72 % of the starting flux. The use of this air 
backflushing is to reduce the rejection significantly and to increases the largest drop 
size in the permeate through a combination of cleaning large pores preferentially and 
with high pressures caused by the presence of the air. 
Finally the use of the reverse filter produces grade efficiencies, size distributions and 
Sauter mean sizes equivalent to the normal orientated filter. 
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Table 7.5: Experimental results for emulsion filtration using the normally oriented filter, 3221. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (1 rn" h") (Pa) filtration Sauler (%) flux to 
resistance mean size decay by a 
(rn") (~m) half (secs) 
1 14 mm Helix 1.079 208 19.764 3.5 x 10" 3.49 57.23 No flux decay 
2 42 mm flelix 0.654 210 14.247 2.5 x 1011 3.66 48.55 No flux decay I 
3 70 mm Helix 0.625 210 14,005 2.3 x 10" 3.72 53.76 No flux decay I 
4-1 Rod insert 0.517 210 14.913 2.6 x 1011 3.85 46.82 c.2000 Flux decay with a steady state flu.\: of 140 I mol h- t after 2000 seconds I 
4-2 Rod insert 0.517 210 13,048 2.7 x 10" 4.32 31.21 Air backflush using rotary valve at 120 rpm and 31 kPa feed supply 
5-1 No insert 0.251 220 15,472 2.6 x 10" 3.80 48.55 1000 Flux decay 
5-2 No insert 0.251 210 12,967 2.4 x 1011 3.56 38.73 Air backflush using rolary valve at 120 rpm and 28 kPa feed supply 
Table 7,6: Experimental results for emulsion filtration using the reverse oriented filter, 3222R. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (\ m'l h· l ) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(rn") (~m) half (secs) 
1 14 mm Helix 1.040 205 17.565 2.7 x lOll 3.50 59.32 No flux decay 
2 42 mm Helix 0.622 205 13,460 2.4 x lOll 3.75 54.24 No flux decay 
3 70 mm Helix 0.591 210 13.220 2.2 x lOll 3.68 53.67 No flux decay 
4 Rod insert 0.504 205 13,595 2.4 x 1011 4.22 42.94 Slow llux decay with steady llux attained of 175 I m·2 h·1 
5 No insert 0.259 230 14,586 2.3 x 1011 4.40 40.11 Slow flux decay with steady flux ilttained of 165 I m·2 h·) 
-
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7.3.4 Crossflow Effects on Filtration with Modified Veco Filter 
Crossflow rates are an important phenomenon in tubular filtration as the flow across a 
filter surface acts to limit and even prevent surface fouling of the filter. Typically an 
equilibrium is set up between the forces removing fouling (e.g. crossflow, turbulence 
& surface wall shear) and the forces creating fouling (e.g. TMP) such that a certain 
amount of fouling does occur on a fresh filter which then reaches an equilibrium level 
and the rate of foulant removal equals the rate of foulant deposit. The crossflow rate 
has a significant effect upon this level of equilibrium with a low flowrate generally 
fouling filters strongly and a high flowrate producing negligible fouling. It is 
generally accepted that a limiting flowrate (Field, 1991) can be determined for all 
filtration systems where the flowrate is such that fouling is just prevented. 
This section investigates the effects of crossflow rate on the five different insert 
configurations using a single reverse modified Veco filter, designated filter 4113 R. 
This was produced from a fresh section of Veco filter material and its pore size was 
reduced. The pore size analysis of this filter is shown in Figure 6.6 (page 6-18), and 
indicates a mean pore size by flow of 4.1 J.Im, with a pore size range of 3 - 7 J.Im and a 
bubble point of 6.8 J.Im. 
This filter was used in a total of 6 test series, each consisting of 3-5 flux decay 
experiments, initially set to 200 I m" h", at different crossflow rates, and with a single 
pass of 1000 litres of a standard copper doped emulsion for each experiment. 
Between each test series the filter was removed and washed thoroughly to remove any 
surface fouling, so as to give the same starting point for each test. It was also cleaned 
between each experiment by closing the permeate valve and allowing up to 5 minutes 
for the foulant layer to be washed away. This was aided in the lower flowrate 
experiments by an increase in flowrate during this time. These test series were 
conducted with a single insert arrangement for each test, in the order of 14 mm Helix, 
42 mm Helix, 70 mm Helix, Rod insert, No insert and, to finish, a repeat run of the 14 
mm Helix. As the emulsion was used in a single pass for each test series there was a 
reduction in emulsion size between each test. This was determined, in Sauter mean 
diameters, as 8.46 J.Im (14 mm Helix) - 6.83 J.Im (42 mm Helix) - 6.50 J.Im (70 mm 
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Helix) - 6.11 Ilm (Rod insert) - 4.93 flm (Rod insert) - 4.91 Ilm (14 mm Helix). 
Correspondingly, comparisons between each experiment and therefore insert 
configurations have limited validity and should be viewed with care. 
Experimental conditions and results for this section is presented in their entirety in 
Appendix C: Section C.I.4. 
7.3.4.1 Crossflow Rate and 14 mm Helical1nsert 
Two test series were conducted with the 14 mm helix, the first with fresh emulsion 
(Sauter mean of 8.46 flm) and the second with an emulsion (Sauter mean of 4.91 flm) 
after five previous passes through the system. In all other respects the tests were 
identical with five experiments each of flowrates 4, 3, 2, I & 0.5 I min·!. This is 
equivalent to a range in channel velocity from 1-0.14 m s·! and Reynolds number 
range of 7200-1000. The transition to turbulent flow (Re = 2000) begins at 1.2 m s·! 
and a wall g-factor of I occurs at 1.2 m s·!. 
Experimental results of the two tests with the 14 mm helical insert are tabulated in 
Table C.13 and Table C.18 with graphical representations of the droplet size 
distributions and grade efficiencies in Figures C.42 - C.43 and Figures C52 - C.53. 
Individual experiments are shown as permeate fluxrate and filtration resistances with 
time in Figures C54 - C.58 and Figures C.77 - C.81. 
The first series of experiments with fresh emulsion were perfonned with a large 
emulsion mean size (8.46 flm) which is significantly larger than the mean size of the 
filter. Correspondingly, the rejections are generally very high with flowrates of I I 
min·! and over, with rejections in excess of 88 % of the feed with little improvement 
in rejection with increasing flowrate. The permeate size distribution is smallest for 
the highest flow and generally rises slowly as the flow drops, with the largest 
permeate size of 6.27 flm for the I I min·! experiment. For the flows of I I min·! and 
above the TMP is highest for the 4 I min·! flow and generally drops as flows is 
reduced, the filtration resistance corresponds to this with a significant reduction also. 
The TMP is highest at 4 I min·! due to the high pressure drops down the feed 
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channel that need to be overcome to produce filtration. The exception is the I I min·! 
test, which has a TMP slightly above the 2 I min-! experiment yet with a slight 
reduction in filtration resistance. These results occur as the I I min-! test is fouling 
very slightly with time and, as shown in the subsequent experiment at 0.5 I min-!, 
fouling rapidly becomes severe at these low flowrates. For this latter test, rejection is 
high for the first part of the test at 73 % due to the foulant layer aiding rejection. 
However with the removal of this layer, by the application of air back washing, the 
rejection drops to 49 %, due also in part to the transient high pressures created in the 
feed channel after air back washing. This produces high transient TMP's that are able 
to deform large oil drops through the filter. 
The permeate size distributions are illustrated in Figure C.42 and indicate that the size 
gradually increases with decreasing flowrate, with the largest drop sizes in the lowest 
flows and also in the air back washing assisted test. A cut -off drop size exists 
between 20-30 flm with the higher flows closer to 20 flm. Similar results can be 
observed in the grade efficiencies, Figure C.43, where the grade efficiencies drop as 
the flow is decreased. For the flows of 2 I min-! and above the grade efficiencies are 
very similar, however as the flow is reduced below this range significant drops in 
grade efficiencies occur. For the 0.5 I min-! test with backpressure the grade 
efficiencies were typically less than half of the 2 I min·! test at the same droplet size. 
The tests with the 14 mm helix were repeated with identical conditions apart from the 
feed size of 4.91 flm. The results are tabulated in Table C.18 and show that fouling is 
significantly greater than for the larger feed size. Fouling occurs slowly at 2 I min-! 
and becomes strong at I I min-! with a 300 second period for the flux to decline by a 
half. Severe fouling occurs for the 0.5 I min·! test with a halving of flux in less than 
60 seconds. Air backpressure is able to prevent fouling in all cases and also produce a 
high rejection. An average of 50-60 % is common for the fouling tests with 63 % for 
the two highest, and non-fouling, flowrates. The permeate drop size is low for all 
tests with values generally increasing slightly as flowrate is decreased, typically the 
size is between 3-3.5 flm. 
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TMP's are high for all tests with a range of29-41 kPa where the lowest results are for 
the 1-3 I min-' experiments. The highest values were observed at the 4 I min-' test and 
with the lowest two flowrates using backpulsing. This is due to the high flow test 
resulting in high feed channel pressure drops and for the low flow tests producing 
high transient feed pressures immediately after air backpulse. The filtration 
resistances vary little during the tests with an average value of 6 x 10" m-I 
Permeate size distributions for the experiments are illustrated in Figure C.52 and show 
a gradual size increase as flowrate decreases with a cut-off drop size near to 20 !lm. 
The 4 & 3 I min-' flowrates perform better, with a cut-off of 13-14 !lm. A similar 
effect also occurs in the experiment grade efficiencies, Figure C.53, where the 4 & 3 I 
min-' tests have significantly higher efficiencies at drop sizes above 4 !lm, when 
compared to the lower flowrate tests. These latter tests all produce similar grade 
efficiencies with little variation due to flowrate. 
The predicted droplet cut off sizes, Section 7.2.3: Figure 7.7, for helically imposed 
motion is 7, 9, 13, 25 and 45 !lm for the flowrates of 4 - 0.5 I min". For the first test 
series using the larger drop feed size the actual grade efficiencies at these sizes are 90 
% for 4, 3 & 2 I min" and 100 % for the I & 0.5 I min-' experiments. These values 
drop for the smaller feed size as expected, with values of75, 82 & 95 % for flows of 4 
- 2 I min-' and 100 % for the lower flow tests. 
7.3.4.2 Cross flow Rate and 42 mm Helical Insert 
Experimentation with the 42 mm helical insert was conducted in an identical manner 
to the 14 mm helix work. Five experimental flowrates were identified for 
performance testing: - 8, 4, 3, 2 and I I min". This is equivalent to channel velocities 
of 1.2 - 0.17 m s" and Reynolds numbers of 9,459 - 1,294. The actual experimental 
Reynolds numbers indicate that I I min" is in laminar flow (Re = 1,294), 2 I min-' 
(2,487) is in the transition region, 3 I min-' (3,661) is tending towards turbulent flow 
and 4 & 8 I min-' may be fully turbulent (5,076 & 9,459). These experiments were 
conducted with the second pass of the feed emulsion, which had a Sauter mean size of 
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6.83 flm. The experimental results are detailed in Tables C.8 & C.14 with results 
shown graphically in Figures C.44 - C.45 and individual experiments shown as 
permeate flux rate and filtration re si stances with time in Figures C.59 - C.63. 
The effect of the flowrate with non-fouling experiments is pronounced with rejection, 
TMP and filtration resistance falling as flowrate decreases. The rejection produced at 
8 I min·' was 93 % falling to 91 % at 4 I min·' and 70 % at 3 I min·', however the 
permeate Sauter mean size remained constant for these at 4 flm. These results do not 
hold true for the experiments where fouling occurred. The onset of fouling occurred 
at 2 I min-\ with gradual flux decay, and became pronounced at I I min·' where the 
flux decays by half in 240 seconds. 
For these two fouling tests air backpulsing was investigated which prevented fouling 
from occurring. The rejection however dropped to near 50 % for both experiments 
whilst the TMP was an average of 3 kPa below the fouling experiments and the 
filtration resistances were generally constant for all fouling flowrate experiments. 
Permeate size change was constant at a mean size near 4.3 flm for all 2 & 1 I min·' 
flowrate tests. 
Grade efficiency results of these experiments are illustrated in Figure C.44 where it 
can be seen that the 8, 4 and 3 I min·' flowrate experiments possess very high grade 
efficiencies with little reduction in efficiency as the challenge drop size reduces. The 
three efficiency curves are very similar with the 8 I min-' results slightly above the 4 I 
min·' whilst the 3 I min·' results are below the 4 I min·' experiments. These are all 
significantly higher than the 2 & I I min·' tests with typically a 20-40 % difference. 
The 2 I min·' fouling experiment has a grade efficiency higher than the I I min·' 
experiment whilst in both cases the grade efficiency using air backpulsing is 
significantly higher than without air backpulsing, however unusually the I I min-' 
result is generally 5 % above that of the 2 I min·' experiment. This is primarily due to 
the former having a rejection of 53.9 % with the latter at 50.3 %. 
Comparisons of the cut-off sizes predicted for helical motion of the droplets, Section 
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7.2.3: Figure 7.7, indicates values of 10.4,27.9,37.8,54.8 & 105.0 /-lm for flows of 8 
- I I min" with the grade efficiencies recorded for these sizes of 90 % for 8 I min" and 
100 % for all other tests. 
The permeate emulsion size distributions, Figure C.45, show significant differences 
between the sizes of the fouling and non-fouling flowrates however very little 
definition occurs within the distribution of the non-fouling experiments with a peak 
size of 4-5 /-lm and a cut off size of 20 /-lm. Some definition is present in the lowest 
two flowrates when fouling occurred, with the permeate sizes for air backpulsing 
shifted towards the larger drop sizes. A cut off size of 20 -30 Ilm is apparent for air 
backpulsing with 20 Ilm for the non-assisted tests. 
7.3.4.3 Cross flow Rate and 70 mm Helical Insert 
Filtration with the 70 mm helical insert was conducted following the 42 mm insert. 
This utilised the third pass of the feed emulsion with a mean size of 6.50 /-lm and five 
flowrates of 7, 4, 3, 2 & I I min" (see Table C.9). This corresponds to channel 
velocities of 1.07 - 0.16 m s·' and Reynolds numbers of 8,136 - 1,251. As with the 
42 mm helical test the flows are laminar at I I min" (Re = 1,251), transitional at 2 I 
min" (2,400), turbulent at 3 I min" (3,476) and fully turbulent at 4 I min" (4,760) and 
7 I min" (8,136). 
Experimental results of this test series are presented in Table C.15 and Figures C.46-
C.4 7 with individual experiments shown as permeate fluxrate and filtration resistances 
with time in Figures C.64 - C.68. Results indicate lower rejections than previous 
helical insert test series with the highest at 74 % for 7 I min'" and with a gradual 
decline to 72 % at 4 I min" and 69 % at 3 I min". At the 2 & I I min" flowrates 
rejection dropped slightly for non-assisted filtration and produced a significant drop to 
under 40 % when air backpulsing. The fouling was slight for 2 I min" and became 
severe at I I min" with a fluxrate reduction of half within 180 seconds. In both cases 
air backpulsing eliminated fouling completely. 
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The TMP required for filtration is slightly reduced from comparable 42 mm and 14 
mm helical insert experiments at 21 kPa TMP for 7 I min·' and typically 18-19 kPa for 
all other tests. The permeate Sauter mean size produced was 4.5 -5.0 fIm for all tests 
with no apparent relation to the flowrate. The permeate size distribution, Figure CA6, 
shows some differences between flowrates, with higher flowrates producing smaller 
sizes. However, the cut-off sizes between the experiments are generally very similar 
at 20-30 fIm with little obvious separation between flowrates. 
Grade efficiencies, Figure CA7, of the experiments indicate that flowrate effects are 
significant with the 7 and 4 I min·' tests above all other tests. However, the 4 I min·' 
efficiencies are slightly above the 7 I min·' results with typically 80 % efficiency at 10 
fIm. The difference between these two results is likely to be due to slight inaccuracies 
in the measured rejections, with close similarity between the two where it would have 
been reasonable to expect significant differences. The 3 I min·' result is significantly 
below these two tests whilst the 2 I min·' test is higher, however this latter test is aided 
by fouling improving rejection and grade efficiency. The corresponding backpulse 
assisted test produced a poorly defined grade efficiency curve with a substantial 
degree of scatter, but which is generally low. The I I min·' unaided test produced 
efficiencies below its backpulse assisted test by an average of 5 %, with the two on 
either side of the 3 I min·' experimental results. 
The cut-off drop sizes for centrifugal motion alone, Section 2.3.4: Figure 7.7, are 16.3, 
28.0,37.8,54.8 & 105.0 fIm for the flows of7 - I I min·' with the grade efficiencies 
at these sizes being 83 %, 95 % and 100 % for all lower flowrates. 
7.3.4.4 Crossflow Rate and Rod Insert 
The fourth test series conducted used the rod insert down the centre of the filter with 
the fourth pass of the feed emulsion, the Sauter mean size of which was 6.11 fIm. 
Five experiments were performed with this insert using 7, 4, 3, 2 & I I min·' feed 
flowrates which produced channel velocities of 0.88-0.13 m s·' and Reynolds numbers 
of 7,837 - 1,128, Table C.IO. As with the two previous insert test series the lowest 
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flowrate is in laminar flow (Re = 1,128), the second is in transitional flow (Re = 
2,437), the third is turbulent (3,715) and the highest two flowrates may be fully 
turbulent (4,469 & 7,837). 
Experimental results of these tests are presented in Table C.16, Figures C.48 - C.49 & 
Figures C.69 - C.73 and indicate that fouling is a major problem with the rod insert. 
The 7 and 4 I min" flowrates did not foul and possessed rejections of 77 & 79 % 
respectively. A slight amount of fouling occurs for the 3 I min" test, which becomes 
severe at 2 I min" with the flux decaying by half in 210 seconds. At a flowrate of 1 I 
min" the fouling was so severe that no accurate measure could be made of flux decay 
with permeation essentially stopping within 60 seconds. Air back pulsing was able to 
prevent fouling in all cases with no significant change in TMP, however the 
conditions required for the 2 I min" flowrate reduced rejection to 34 % whilst the high 
TMP of 29 kPa required for the 1 I min" test combined with high pulse rate of 87 min' 
, and high air pressure essentially stopped rejection completely with a 6.4 % value 
observed and with a filtration resistance almost triple that of the other tests at 9.9 x 
10" m'l 
The permeate Sauter mean diameter shows little apparent relation to feed flowrate 
with values between 4.0 and 4.8 !lm, however this is not true for the permeate size 
distribution, Figure C.48. This indicates that the two highest flowrate experiments 
produce noticeably smaller permeate distributions with cut-off sizes of near to 20 !lm. 
The lower flowrate tests without air backpulsing and the 3 I min" test with back 
pulsing are larger than these two flows, with the cut-off drop sizes close to 30 !lm. 
The final two experiments, those of 2 & 1 I min" flowrates with air back pulsing, 
produce substantially larger and similar size distributions with close similarity to the 
feed emulsion size distribution. 
The grade efficiencies for the rod insert experiments, Figure C.49, show the two non-
fouling experiments to have high grade efficiencies with 75 % rejection at 10 !lm and 
60 % at 4 !lm. The 3 I min" test also produced high grade efficiency although this is 
due to the fouling layer improving rejection of larger droplets. The 3 I min" test aided 
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by air backpulsing produced grade efficiencies of typically 10 % below the unassisted 
experiment whilst the 2 I min·' unaided test was typically 5 % lower stilL The lowest 
grade efficiencies occurred for the 1 & 2 I min·' air backpulse assisted experiments 
with values generally 40 % lower than the 7 I min·' experiment. In both of these 
experiments, the grade efficiencies were scattered with considerable similarity. 
7.3.4.5 Cross flow Rate and No Insert 
Evaluation of the filter with no insert was conducted using three feed flowrates of 8, 4 
and 3 I min·', Table C.II, with a 4.93 Ilm feed emulsion. The flows correspond to 
channel velocities of 0.84 - 0.34 m s·' and Reynolds numbers of 11,764, 6,207 and 
4,749. The flow regime through each was therefore fully turbulent. 
Experimental results are presented in Table C.17, Figures C50 - C51 & Figures C74 
- C.76 and show that only the 8 I min·' flow experiment did not suffer from flux 
decay. This produced a rejection of71 % with a permeate mean size of3.7llm and at 
a TMP of 26 kPa. This TMP is significantly higher than those observed for all other 
insert tests except for the 14 mm helix. 
As flowrate was decreased fouling became significant. The 4 I min·' experiment 
possessed slow flux decay whilst the 3 I min·' decayed severely with 90 seconds 
required for the flux to halve. This fouling was completely eliminated by the use of 
air backpulsing but at the cost of reduced rejection with a 16 % drop for the 4 I min·' 
experiment and 31 % drop for the 3 I min·'. This latter test also required a higher 
pulse rate of 105 min·' compared to 60 min·' and a TMP of 37 kPa compared to 25 
kPa. This is due to the rate at which fouling occurs and therefore the aggressiveness 
of the required fouling prevention measures. 
It is readily apparent that the fully turbulent regime experienced within the filter is not 
able to prevent flux decay with the only non-fouling test operated at a Reynolds 
number of near to 12,000. This produced a wall shear of 0.48 Pa, and the two fouling 
experiments had values of 0.25 and 0.19 Pa. 
7-48 
The permeate Sauter mean size varied little between the experiments with a range of 
3.6 to 4.0 flm and no discernible flowrate dependence. However there is a significant 
flowrate dependence in the permeate size distribution, Figure C.50, with the 8 I min" 
experiment producing the smallest size and with a cut-off of slightly over 20 flm. The 
experiments with air back pulsing produced size distributions similar to the feed 
distribution with a droplet cut-off near to 40 flm. 
The grade efficiencies, Figure C.51, indicate efficiencies for the 8 I min" test of 70 % 
at 10 flm and 55 % at 4 flm, with results for the fouling 4 I min" test very similar and 
the fouling 3 I min" test typically 20 % lower. The air backpulsed 4 I min" 
experiment is similar to this test whilst the 3 I min" test is typically 20 % lower, 
however both of these suffer from significant data scatter. 
7.3.4.6 Conclusions 
During the series of experimental work conducted under essentially laminar flow, it is 
apparent that all but one experiment fouled. The exception is a single experiment 
using the 14 mm helical insert and large feed size at a Reynolds number of 1,900. It 
can be reasonably assumed that for all but the largest of feeds using the 14 mm helix 
that the flow regime within the filter is a prime factor as to whether the filter will foul. 
This is primarily due to the surface shear across the filter, which acts towards 
hindering or preventing foulant deposition and pore blocking. The wall shears 
identified at which point fouling begins are 0.21,0.44,0.42,0.49,0.25 and 0.71 Pa for 
the test series of 14-42-70 mm helices-Rod-No insert-14 mm insert respectively. The 
two 14 mm helix tests also indicate that the surface shear required to strongly hinder 
fouling is emulsion feed size dependent. It is significant to note that the tests of the 
42 mm, 72 mm helices and rod insert with close feed sizes of 6.83 to 6.11 flm all 
require very similar wall shears for the onset of fouling with the degree of turbulence 
in the rod insert test significantly higher than the helix test with Reynolds numbers of 
3,700 compared to c. 2,400. Therefore, it is apparent that although turbulence is a 
major parameter in preventing fouling it is more important to provide a high wall 
shear. 
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Throughout this series of tests, it was apparent that no significant variation in TMP 
occurred with changing flowrates. Typically, the TMP was similar throughout a test 
series with values of between 20-30 kPa. The lowest TMP observed was 16 kPa 
whilst the largest was 41 kPa, which occurred for the 14 mm helical insert. In general 
the highest TMP's were required for the insert with the highest pressure drops within 
the feed channel, with the 14 mm helix the worst and the rod insert TMP the lowest. 
The no insert case required TMP's higher than all but the 14 mm helical insert due to 
the high degree of fouling that occurred. Typically, the TMP's required for air 
backpulsing are similar to that required for the equivalent unassisted test. This may 
have been due to the reduced time available to permeate flow by the backflow of 
material offsetting the reduced TMP needed for a set fluxrate because of reduced 
fouling. 
Grade efficiencies and permeate size distributions all show trends following the feed 
flowrate with smaller sizes and higher efficiencies occurring for higher flowrates. The 
lowest efficiencies and largest permeate distributions always occur for the backpulse 
assisted tests where the TMP's immediately after air pulsing are significantly higher 
than during unassisted operation. This deforms large drops through the filter. 
Comparisons between the two test series involving the 14 mm helical insert allow 
experimental result comparisons to be made with filtration using two feed emulsion 
sizes. lt is readily apparent from the data that the drop size is a significant factor in 
the filtration performance with fouling a major problem for the smaller drop size, this 
is detailed in the following paragraph. In addition to this the rejection, unsurprisingly, 
is strongly size dependent and also the filtration resistance declines for the larger 
drops with reductions in flowrate whereas, it remains generally constant throughout 
the flowrate tests for the small drop size. This occurs in parallel with the TMP being 
stable and higher for the smaller size over the larger size. This is believed to be due to 
the higher number of drops challenging the filter pores compared to the larger feed 
drop size, which is both less numerous and more affected by the centrifugal motion of 
the helical insert. The net result is that the frequency of drops entering pores is 
higher, requiring higher TMP's to push the drops through the pores and maintain the 
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fluxrate. 
A significant result of the testing with the 14 mm helical insert indicated that the 
droplet size significantly affected the flowrate at which the onset of fouling occurred. 
For the initial test series a droplet size of 8.46 fim strongly fouled the filter at 0.5 I 
min·1 with indications of the onset of fouling observed at I I min· l • For the second test 
series, using a 4.91 fim droplet size, fouling was severe at 0.5 I min· l , strong at I I 
min·1 and observed to be slow at 2 I min· l • This result can be explained by a number 
of possibilities. The forces on the droplet due to the imposed helical motion are 
greater for larger drops, with the centrifugal forces proportional to the square of the 
drop size. The smaller drop size is close to the pore size of the filter, such that there is 
a high possibility that when a drop blocks a pore it will be by a drop much smaller 
than with a feed of large drop size. This is important, as a larger drop will be more 
easily washed out of the pore by the flow applied over the pore surface. A smaller 
drop will be further within the pore and present less area for shear forces to act upon. 
Should a fouling layer occur the fouling will be more pronounced for smaller drop 
sizes as they will pack tighter than for a larger drop size. This results in a fouling 
layer of higher resistance for the same thickness and so fouling is more pronounced on 
the permeate decay. 
Air backpulsing has been investigated throughout the test series whenever fouling was 
observed to be significant. Generally, it was operated at 60 pulses per minute with an 
air pressure of 15-30 kPa above the feed pressure. Results indicate that its use was 
able to prevent fouling from occurring in all cases, however a generally poor rejection 
was obtained. These is believed to occur due to the high transient pressures obtained 
in the feed by the presence of the air, which is relieved by a momentary surge of 
permeate throughout the pores at high TMP. This significantly increases the drop size 
that can be deformed through the filter. 
Comparisons of predicted cut-off drop sizes produced by helically imposed motion 
alone has shown that at high flowrates, with correspondingly small cut-off drop sizes, 
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the experimental grade efficiency is always 100 % at this drop size. As flowrate is 
reduced the cut-off size increases rapidly, essentially exponentially, until some point 
where the experimental grade efficiency drops below 100 % at the cut-off drop size. 
For the 14 mm helix the lowest flowrate with a grade efficiency below 100 % was 2 I 
min" for both small and large feed drop size, for the 42 mm helix this was 8 I min" 
and for the 70 mm helix this was 4 I min". It is apparent that at the higher flowrates 
the effect of the centrifugal motion of drops away from the filter surface is not 100 % 
effective. This occurs due to the flow regime within the filtration channel, which is 
significantly turbulent and impedes overall motion of drops away from the filter 
surface. In effect there will always be larger drops challenging the filter, which in a 
more ordered flow regime would be predominantly influenced away from the filter 
surface due to the centrifugal motion. 
7.3.5 Elevated Fluxrate on Filtration with modified Veco Filter 
As a follow on experiment to Section 7.3.4 a series of experiments were conducted to 
assess the effects of elevated fluxrate on the rod insert and 14 mm helical insert. To 
ensure comparability the series of experiments were all completed within a single pass 
of a standard 1000 ppm oil in water emulsion which was analysed to possess a Sauter 
mean size of 6.94 ~m. The filter used within these tests was number 4113R with a 
mean size by flow of 4.1 ~m and bubble point size of 6.8 ~m. This was cleaned 
thoroughly prior to use with a combination of Ultrasil 50, soapy water and finished by 
extensive rinsing in copious quantities of water before being allowed to soak in clean 
water for 24 hours. After each experiment the filter was cleaned of foul ants by 
closing the permeate and allowing up to 5 minutes for the filter crossflow to clean the 
surface. This was checked by measuring the time taken for the permeate pressure to 
rise to the feed pressure when the permeate valve was closed rapidly. If this was over 
a few seconds then more time was allowed for filter cleaning, with a higher cross 
flowrate as required. 
Evaluation of elevated fluxrate was conducted with four experiments using the rod 
insert and six using the 14 mm helix, with an initial fluxrate of 400 I m" h". These 
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were conducted with flowrates in the order of 8, 6, 4 & 2 I min-I for the rod insert and 
8, 6, 4, 3, 2 & I I min-I for the helical insert. Each was selected to allow comparisons 
of channel velocity and wall shear to be conducted. Exact values of experimental 
flowrates, channel velocities and the channel Reynolds number are presented in Table 
C.l9. 
Experimental results are presented in Table C.20 & Figures C.82-C.95 and indicate 
fouling to occur severely for the rod insert at 2 I min-I and strongly at 3 I min-I. For 
the 14 mm helix fouling is strong at 1 I min-I and slight at 2 I min-I. Comparisons in 
terms of channel velocity are poor with the 14 mm helix at 0.27 m S-I fouling 
significantly less than the rod insert and at 0.5 m S-I the 14 mm helix suffers from 
minimal fouling whilst the rod insert fouls strongly. It is therefore reasonable to 
assume that channel velocity, as with the Reynolds number previously, is not a good 
indicator of the onset of fouling. 
This onset of fouling is typically related in literature to the surface forces across the 
filter, which are presented throughout this report in terms of wall shear. For the 
experiments conducted the 14 mm helix shows that gradual fouling occurs at 0.72 Pa 
wall shear. For the rod insert the onset of fouling is less clear cut with strong fouling 
at 0.60 Pa and no fouling at 0.87 Pa, however it is reasonable to estimate that fouling 
will cease at a value similar to the 14 mm helix. These results can be compared to the 
experiments in the previous section where a wall shear of 0.49 Pa was identified for 
the rod insert at a similar feed size with a 200 I m-' h- I fluxrate. This indicates that the 
wall shear required to prevent fouling is fluxrate dependent, which is in agreement 
with common theory as at a higher flux a greater amount of foulants approach the 
filter surface and at a higher velocity. This must be counteracted by a higher surface 
force and hence a higher wall shear. 
Experimentally results of the two insert configuration when compared for wall shear 
show the 14 mm helix to reject the emulsion at typically 76 % compared to the rod's 
64 % and with similar filtration resistances predominantly near to 1.6 x lOll m-I. The 
TMP's are similar at 18-20 kPa with the rod significantly higher at 39 kPa when 
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fouling was severe at a 2 I min-' flowrate. The permeate Sauter mean size of the 14 
mm helix experiments were consistently below the rod insert with values between 2.9 
and 3.8 flm. No significant trends relating to the effects of crossflow rate are 
apparent, however the permeate size distributions, Figures C.82 & C.83, show the 14 
mm helix experiments to produce sizes significantly smaller sizes than the rod inserts, 
with cut -offs close to 20 flm. These phenomena are also observable in the grade 
efficiencies, Figures C.84 & C.85, where the 14 mm helix results are typically 20 % 
higher than the rod results for the same droplet size. 
Comparisons between the results for the rod insert at 400 I m-' h- ' can be made with 
the previous section using a rod insert at 200 I m-2 h- ' and similar feed size. For the 
higher fluxrate, the rejection is 10 % lower and the grade efficiencies significantly 
smaller at small droplet challenge sizes, with a 0 % efficiency at 3 flm compared to 
the lower flux's efficiency of 55 %. The permeate Sauter mean sizes are noticeably 
smaller for the higher fluxrate, however the permeate size distribution at the lower 
fluxrate is significantly smaller than the higher flux, but possesses a few large drops 
which will skew the Sauter mean size towards a larger value. The high flux tests do 
not have this problem and show a sharp droplet size cut-off, whilst the lower flux rate 
is somewhat disperse. 
7.3.5.1 Conclusions 
Experimentation with a higher fluxrate of 400 I m-2 h- ' indicates that filtration with the 
14 mm helix is superior to filtration with a rod insert, producing an overall rejection 
6 % higher, slightly smaller permeate Sauter mean size and significantly smaller 
permeate size distribution. It also achieves this with TMP's and filtration resistances 
similar to the rod insert and with grade efficiencies some 20 % higher. Comparisons 
in terms of channel velocity have shown no obvious relation to the onset of fouling 
whilst two experiments that fouled possessed significantly turbulent flow regimes. 
However, as with experimentation with crossflow rates in the previous section a 
relation has been observed between wall shear and fouling. For the insert 
configuration the onset has been identified as 0.72 Pa for the helical insert and 
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between 0.6 and 0.87 Pa for the rod insert. This can be compared to the previous 
section where a number of insert configuration, including the rod insert with similar 
feed emulsions, fouled at 0.42 - 0.49 Pa with a flux of 200 I m·' h· l . This indicates 
that the onset of fouling is both wall shear and fluxrate dependent. 
7.3.6 Air backpulsing and emulsion filtration 
The principle of cleaning the surface of a filter using pulses of air back through the 
filter's pores is well known as an effective anti-fouling method. This has been 
investigated in this work through the use of a rotary valve mechanism which could 
produce a pulse rate of up to 100 per minute with the duration lasting a few 
milliseconds, and with an air pressure typically a few kPa over the feed pressure. 
Results of previous experiments in this chapter have shown air backpulsing effective 
at fouling reduction, although with a decrease in the filtration effectiveness, and 
particularly the rejection. This section attempts an in-depth analysis of the factors 
influencing back pulsing, namely the pulse frequency, air pressure and trans-
membrane pressure. 
A series of experiments were conducted to assess the effects of fouling on the insert 
configurations within the filter. Conditions were chosen to give comparable velocities 
of 0.45 m S·I for all but the 14 mm helix, which operated at 0.79 m S·I. The feed was a 
fresh standard emulsion of 1000 ppm concentration, which was used in a single pass 
for the series of experiments and with a constant permeate fluxrate of 200 I m·' h· l . 
The feed size was consistent at 9.58 flm, Sauter mean diameter. 
The experimental series consisted of five tests using the 14 mm helix, 42 mm helix, 
70 mm helix, rod insert and finally no insert with the filter thoroughly cleaned at the 
start and cleaned between experiments by a brief period with the permeate valve 
closed to allow surface shear to remove foulants. The filter used was designated filter 
4112 and was shown in Figure 6.5 (Page 6-17) to have a mean pore size by flow of 
3.3 flm and bubble point of 6.0 flm. 
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Where fouling was experienced a series of backpulsing tests were initiated with a 
typical experiment consisting of a flux decay experiment, after which the filter was 
cleaned and the test repeated, and finished by multiple backpulsing experiments with 
no filter cleaning between each set of conditions. 
The experimental conditions, Table C.21, indicate that all tests were conducted with 
fully turbulent flow through the insert configuration. As shown previously this is not 
a good indicator of whether fouling will occur. Experimental results are presented in 
Table C.22 & Figures C.96 - C.114. These indicate that the helical insert tests did not 
suffer from fouling, which is not unexpected with the smallest wall shear being 0.61 
Pa for the 70 mm helix. It has been shown previously in this chapter that fouling 
occurs at significantly lower wall shears for the large size of emulsion used in these 
experiments. As this experimental work is concerned solely with experimental 
investigations into fouling alleviation, those experiments that do not foul will be 
ignored. 
The rod insert experiments were conducted at a wan shear of 0.51 Pa, Reynolds 
number of 3,900, close to the 0.49 Pa observed earlier to foul in the crossflow 
evaluation experiments. This condition did foul, although only gradually, see Figure 
7.27 (time 0 to 2400 secs), and produced a rejection of92 % at a TMP of19.5 kPa. 
A number of backpulsing conditions were evaluated in order to produce a constant 
200 I m·' h·! fluxrate. This consisted of a sequence of experiments, Table 7.7, where 
the pulse rate, air pressure and TMP were adjusted with the produced fluxrate 
recorded against time, Figure 7.27 (and in detail in Figure 7.28). Experiments were 
conducted until the 200 I m·' h·! fluxrate condition was met at a time of 5300 seconds, 
at which point filtration was continued to ensure flux was constant prior to permeate 
and feed sampling for filtration analysis. The sequence of tests required before the 
200 I m·' h·! fluxrate was achieved are identified as tests A-F in Figure 7.28 and Table 
7.7 with the final test at 200 I m-' h-! identified as P-2. 
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Test 
A 
B 
C 
D 
E 
F 
P-2 
Table 7.7: Experimental conditions for air backpulsing with the 
rod insert. 
Air Pressure Pulse Rate Trans- Permeate 
(kPa) (min·') membrane Fluxrate 
Pressure (kPa) (I m·' h·') 
28 60 14.9 130 
21 60 11.8 59 
21 80 11.4 52 
28 81 13.2 102 
28 61 12.5 103 
35 79 12.0 102 
35 79 15.8 210 
Figure 7.27: Flux decay analysis of filtration with the rod 
insert. 
Test A was conducted immediately after the flux decay tests with the permeate valve 
returned to the same position as was used for the flux decay assessment. Air pulsing 
conditions of 60 min·' and 28 kPa air pressure were used. Following this, Test B was 
conducted with the air pressure reduced to 21 kPa and with the backpressure slightly 
reduced using the retentate valve. Test C was then conducted at the same valve 
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position and with an 80 min" pulse rate, An increase in the retentate backpressure and 
increase in air pressure to 28 kPa produced Test D, with Test E identical but for a 
pulse rate of 61 min", This was followed by Test F with the same retentate 
backpressure and higher air pressure of35 kPa and pulse rate of79 min", Finally, the 
test labelled P-2 was conducted with an increased backpressure over Test F, This 
final test achieved the required 200 I m" h" fluxrate, 
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Figure 7,28: Flux decay analysis of air backpulse assisted 
filtration with the rod insert. 
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Tests A-F all failed to produce the desired fluxrate whilst P-2 met the 200 I m" h,l 
fluxrate condition. This latter test required a pulse frequency of 80 min", air pressure 
of 35 kPa and a TMP of 15.8 kPa. A reduction in TMP from this 'ideal' condition to 
12 kPa reduces the fluxrate by half, Test F, whilst a reduction in air pressure to 28 
kPa, a reduction in pulse rate to 60 min", and a slight reduction in TMP reduces the 
flux to 130 I m" h", Test A. Test F shows that the fluxrate is strongly dependent upon 
the TMP, which must be sufficient to produce the flux and also to overcome the lost 
filtration time incurred during air backflow. 
'The effects of the pulse rate can be seen from Tests Band C which use the same air 
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pressure, very similar TMP's, and with C at 80 pulses per minute compared to 60 for 
B. The fluxrate produced is comparable for both, between 52 and 59 I m·' h·'. It is 
apparent that the increased pulse rate has negligible effect upon the fluxrate. 
Similarly for Tests 0 and E, at an air pressure of 28 kPa, and with 0 at both a higher 
pulse rate and TMP there appears to be a negligible fluxrate difference. It is likely 
that the pulse rate improves filtration up to a certain rate at which the fouling layer is 
minimised, above this rate the reduced filtration time has a negative effect on fluxrate. 
In effect, the operation should be conducted with the pulse rate minimised, such that 
the TMP and air pressure can also be minimised. The net result is to minimise lost 
filtration time and minimise the pressure generated in the feed channel by the presence 
of the air. 
Experimentation with no insert produced significant fouling with consequent rapid 
flux decay. The flux decay and filtration resistances with time during the unassisted 
test are detailed as 0 to 2000 seconds elapsed time in Figure 7.29, which produced a 
rejection of 89 % at a TMP of 17.2 kPa. Subsequent to the fouled tests a series of 
experiments were conducted with air backpulsing, identical to the previous rod insert 
tests, to achieve a constant 200 I m·' h·' fluxrate. The sequence of tests, Table 7.8 and 
Figure 7.30, consist of tests A-F, which failed to meet the criteria, and tests P-2 and P-
3, which attained a constant flux in excess of 200 I m·' h·', these tests were further 
analysed for emulsion sizes and rejection. 
Test A was conducted with the same backpressure as for the flux decay tests and with 
air pulsing initiated at a rate of 80 min·' and air pressure of 14 kPa. The backpressure 
was then reduced to give Test B which was operated at an air pressure of 35 kPa. The 
air pressure was then increased to 4 I kPa, whilst the backpressure was reduced very 
slightly to give Test C which, with a further reduction in backpressure and increase in 
pulse rate to 58 min·' produced Test D. A reduction in air pressure to 35 kPa and a 
substantial increase in backpressure gave Test E, whilst a further rise in backpressure 
and increase in air pressure to 41 kPa produced Test P-2 which achieved the 200 I m·' 
h·' fluxrate desired. This was followed by an increase in air pressure to 55 kPa and 
slight increase in TMP to give Test F, which was close to achieving the required 200 I 
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m·l h" fluxrate. To finish, the final test P-3 was produced at an air pressure of 35 kPa 
and increased pulse rate of 87 min", with an increase in backpressure. 
Test 
A 
B 
C 
D 
E 
P-2 
F 
P-3 
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Table 7.8: Experimental conditions for air backpulsing with no 
300 
250 
200 
150 
100 
50 
0 
o 
insert. 
Air Pressure 
(kPa) 
14 
35 
41 
41 
35 
41 
55 
35 
1 Sample P·I I 
1 
~ 
I ~Flux 
-- Resistance 
1,000 2,000 
Pulse Rate Trans- Permeate 
(min") membrane Fluxrate 
Pressure (kPa) (I m·l h") 
80 14.6 118 
80 12.4 141 
80 11.6 64 
58 6.8 50 
58 12.3 105 
60 13.0 210 
60 13.2 195 
87 15.6 250 
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Figure 7.29: Flux decay analysis of filtration with no insert. 
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Figure 7.30: Flux decay analysis of air backpulse assisted 
filtration with no insert. 
The use of air back pulsing in tests P-2 & P-3 was able to eliminate flux decay with 
identical rejections of 80 % and with no substantial reduction in grade efficiency or 
increase in permeate size over the unassisted test. Comparisons between the 7 air 
backpulse assisted tests are difficult to make due to differences between operating 
parameters, however, it can be seen from tests E and B that, unlike the rod insert tests, 
a pulse rate of 80 min· 1 increases flux significantly when compared to a rate of 60 min-
I at the similar TMP's of 12.6 and 12.7 kPa. It is also apparent from tests A to C and 
P-2 & F that the fluxrate is closely linked to air pressure and TMP, but with no 
comparable tests the exact relation is difficult to interpret from the data. 
7.3.6.1 Conclusions 
It is apparent from a number of tests that air backpulsing is effective at eliminating 
fouling, however the application of the pulse technique depends on the careful control 
of three parameters, namely the air pressure, the pulse rate and the trans-membrane 
pressure. No one parameter has been identified as a prime factor for the optimisation 
of the pulse technique, however, it is apparent that the TMP must be implemented at a 
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level to both produce fluxrate and to overcome the lost filtration time during air back 
pulsing. The air pressure of the pulsing also has a strong effect upon filtration, with 
too Iowa pressure unable to clean the filter sufficiently. A value of pressure is 
required that will unblock the smallest of pore sizes, yet not create a substantial 
pressure within the filter feed, as this produces high transient TMP's at the end of a 
pulse which are able to deform large droplets through the filter. The rate of pulse 
frequency has been seen to have little effect for the rod insert with increases in rate 
producing little flux change, however, with no insert a substantial flux rate increase 
was observed. lt is likely that the optimum rate is dependent strongly on the degree of 
fouling within the filter, for the low fouling rod experiment a small pulse rate was 
sufficient to maintain a filter clean, however for the high fouling no insert test the 
fouling was such that a rate of 60 min·' was unable to maintain a high fluxrate, 
whereas an 80 min·' rate was able. This is due to the filter fouling significantly 
between the one second period between pulses, which is mitigated by a higher pulse 
rate. 
An optimum pulse frequency will exist where the fouling is minimised to produce a 
high flux whilst requiring low air pressures and TMP's. This will both minimise lost 
filtration time and the high transient feed pressures, thus a high rejection should be 
attainable. Above the optimum level the pressures required for the desired flux will 
result in lowered rejections, whilst lower rates will require high TMP's to overcome 
the fouling inhibiting filtration. 
7.3.7 Emulsion filtration enhanced by electrolytically generated bubbles 
The principle evaluated with the experiments in this section is to determine if 
filtration can be improved with the use of electrolytically generated bubbles which can 
act both to disrupt any filter surface fouling and bind with oil drops raising the 
apparent challenge size greatly. This is of some usefulness when using helical inserts 
as the adhered drop-bubble particle will have an apparent density many times lower 
than the oil on its own, therefore it will be strongly affected by the centrifugal motion 
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of the helical path. 
Bubble production using applied current and an electrode in the feed to the filter is 
used in this work as it produces very small bubbles with sizes dependent 
predominantly on the applied current and the flow of the feed around the electrode. 
The bubbles are produced in this way rather than using a system to disperse air into 
the feed as these latter systems produce much larger bubble sizes with some degree of 
difficulty in controlling bubble size. This is not desirable as the flow channel in the 
filter is only 4.5 mm high and large bubbles will significantly disrupt the flow regime. 
Three experimental series were conducted to evaluate this principle. These were 
filtration using a 14 mm helix and rod insert at a constant applied current of 200 mA 
at three fluxrates of 200, 400 & 600 I m·' h·.', filtration using the helical insert with 
variable applied currents and finally filtration with the helical insert using constant 
current and variable bulk feed flowrates. The filter used throughout these tests was 
number 4112 which is orientated normally, that is the pore throat is towards the feed 
flow. Its pore size distribution is detailed in Figure 6.5 (page 6-17) which indicates it 
possesses a pore size range of 1.5 to 5 ~m with a mean size by flow of 3.3 ~m. 
7.3.7.1 Filtration using rod and helix insert with constant current 
The evaluation of emulsion filtration with the rod and 14 mm inserts using a constant 
applied current of 200 mA is presented in Appendix C: Section C.7.1. Six 
experiments were performed with each insert tested at permeate fluxrates of 200, 400 
& 600 I m·' h·'. A typical experiment consisted of four tests, the first three form a 
single flux decay test where the experiment is run for with current on, then off and 
then on again. Lastly, the filter was run for a short time with no permeation to allow 
the filter to clean before a flux decay test with no current was recorded. The 
experiments with the rod insert were conducted at slightly over 3 I min·' feed flowrate, 
whilst the helical insert tests were conducted at I I min·'. This produced comparable 
wall shears throughout the tests of 0.48 Pa for the rod and 0.37 Pa for the helix. As a 
result of these conditions, the channel velocities are generally similar with 0.4 m s·' 
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for the rod and 0.28 m s·' for the helix. The Reynolds numbers however are 
significantly different with the rod producing a 3550 value which is in the transition 
region for tubes with porous wall whilst the helix operates at a value of 1900. This 
may be laminar. 
The evaluation of the rod insert with electrolytically generated bubbles is conducted in 
experiments one to three detailed fully in Appendix C: Section C. 7.1. The second 
experiment is illustrated below in Figures 7.31-7.33 using flux and filtration resistance 
with filtration time emulsion sizing data and grade efficiencies. The feed emulsion is 
constant for all tests as all were conducted within a single pass of the feed tanle The 
droplet size distribution is shown in Figure 7.32 below and in the droplet size graphs 
in the Appendix. It possessed a Sauter mean diameter of 10.1 Ilm. 
The results of flux decay and filtration resistance for the rod insert (Tables C.23-C.24 
and Figures C.115 & C.123) show that the runs with applied current have comparable 
efficiencies to tests without applied current. The flux decay is similar for both, as is 
the rise in filtration resistance with time. An interesting result is apparent for the 200 I 
m·' h·' flux test where turning off the current drastically reduces flux decline, 
indicating that the bubbles are actually having a negative effect on filtration. 
Examination of the tabulated experimental results (Table C.24) indicate that there are 
negligible benefits to be gained from the use of bubbles, with rejection and permeate 
size approximately constant. 
Experimentation with the 14 mm helix is tabulated and shown graphically in 
Appendix C: Section C.7.1. The flux/filtration resistance data is illustrated in Figures 
C.124-C.132 and show that, as with the rod insert, there is no filtration enhancement 
by the use of an applied current. However, for all three experiments the act of turning 
off the current in the second test caused the flux decay to decrease considerably, with 
the conclusion that the bubbles must be harming filtration performance. Evaluation of 
the tabulated data (Table C.24) shows that bubbling has no impact on rejection or 
permeate size, this is also true for the grade efficiencies and the permeate size 
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distributions (Figures C.124-C.132). 
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Figure 7.31: Permeate flux decline and filtration resistance 
produced for experimentation with the rod insert 
and 400 I m·' h· 1 fluxrate. 
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7.3.7.2 Filtration using the helical insert with variable current 
The effect of variable current was investigated in a single experiment using the 14 mm 
helical insert at the same I I min" crossflow rate used in the previous experiment It 
consisted of five separate tests, with each conducted as an individual flux decay test 
and where the filter was allowed to self-clean between each by ceasing permeation for 
a time. The currents used in order of testing were 25, 50, 100, 200 mA and no current 
The results of these tests are compiled in Appendix C: Section C.7.2. The fluid 
hydrodynamics within the filter produced by the insert were a channel velocity of 0.27 
m s" and Reynolds number of 1850. 
This experiment was conducted with the same feed emulsion for each test, which 
possessed a Sauter mean diameter of 7.8 !-Im. The flux decay results of the tests are 
presented in Figure C.133 and Table C.26 and indicate that the use of bubbling 
increases the rate of fouling for all experiments, with the filtration resistance and flux 
decay worsening as the current is raised. By comparison, the test with no bubbling 
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fouls at rates of 4-8 times slower as measured by the time for the flux to decay by one 
half. During filtration the rejection, permeate size (Figure C.l34) and grade 
efficiencies (Figure C.l35) were not improved by the use of bubbles. 
7.3.7.3 Filtration using the helical insert with variable feed flowrate 
The last series of experiments, to evaluate the use of fine bubbles as a filtration 
enhancement, utilised the 14 mm helical insert with variable feed flowrate. Six 
experiments were conducted using feed flows of8.7, 7.4, 4.9, 2.9,1.1 and finally 5.1 I 
min". The first five experiments consisted of two tests, the first conducted with the 
current on and the second with the current off, after the filter had been self-cleaned 
using no permeation. For all of these tests the flux was 200 I m" h". The sixth 
experiment consisted of three tests using no current for the first followed by 50 mA 
for the second and 25 mA for the third. These were all conducted with initial fluxrates 
of 550 I m" h". To enable experimental comparisons all experiments were conducted 
with the same feed emulsion. This was analysed to possess a Sauter mean size of 5.1 
llm. 
Results from the experiments are collated in Appendix C: Section C.7.3 with the 
results tabulated in Table C.28 and the fluid dynamics in Table C.27. The fluid 
conditions determined for the tests show that a considerable range of values are being 
examined with the channel velocity varying from 0.3 to 2.3 m s·' and the Reynolds 
number varying from 2,000 to 15,500. The first four experiments using the higher 
flows (Figures C.136 to C.147) indicate that no flux decay occurs for any test and also 
that the effects of using bubbling is negligible, with no improvement or reduction of 
filtration results. The grade efficiencies and permeate sizes produced are identical for 
each pair of tests in an experiment. The fifth experiment (Figures C.148 to C.150) 
suffers from a degree of fouling which is identical both with and without current. 
This also is true of the permeate distributions and grade efficiencies where a slight 
difference can be explained by effects due to the fouling layer on the penneate sample 
taken for analysis. 
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The last experiment (Figures C.151 to C.153) uses the higher flux of 550 I mO' h-' and 
flow of 5.1 I min" in an attempt to force fouling to occur at conditions considerably 
different from experiment five. The results of the three tests show that fouling does 
occur and that it is higher with applied current than without, whilst as with previous 
experiments it can be observed that fouling is more rapid for a higher current. 
Evaluations of the rejections, permeate size and grade efficiencies indicate that there 
are negligible differences between the three tests. 
7.3.7.4 Conclusions 
The use of electrolytically generated bubbles as a filtration enhancement using rod 
and helix inserts has been shown to provide no improvements in filtration 
performance and frequently to increase rates of fouling. It is likely this increased 
fouling is due to pore plugging by the large bubbles in the feed. There are no 
improvements in rejection, permeate size, grade efficiencies, flux decay or rise of 
filtration resistance. 
Results for comparisons with rod and the 14 mm helix at similar wall shears show 
very similar results in terms of TMP and rejection with no significant improvements 
of one filtration insert over the other. 
Evaluations of variable applied current also show that no filtration improvement can 
be achieved by its use. The effect of raising the applied current was to increase the 
rate of flux decay and rise in filtration resistance. Further investigations with variable 
feed flowrates also showed no benefits to using electrolytically generated bubbles 
with no changes in filtration performance when no fouling occurred and with flux 
decay increased when conditions produced fouling. 
The results indicate that the bubbles are unable to aid filtration by adhering to 
droplets, thus enhancing centrifugal separation with helices and raising the apparent 
challenge particulate size. However, this is likely to be strongly due to the surfactant 
system and ionic conditions used in the system. For optimum capture of drops on 
bubbles a liquid system is desired whereby the zeta potentials (surface charge) of 
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the two aid interaction. This is common in flotation of emulsions where highly 
charged surfactants and strongly acidic pH's have been shown to produce negatively 
charged oil drops and positively charged bubbles. Further work is required with this 
system as the polyvinyl alcohol surfactant used in this work is relatively uncharged 
whilst the pH is close to neutral. 
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CHAPTER EIGHT 
8. RESULTS & DISCUSSION: EMULSION DEFORMATION 
8.1 NUCLEPORE FILTERS 
8.1.1 Filter and emulsion properties 
The filters used in the following results were all fresh and unused. They were used 
once only and then discarded to prevent fouling affecting subsequent runs. The 
emulsion was a standard emulsion as detailed in Section 3.10.2. 
Experiments were conducted within ten to twenty seconds after filtration commenced 
as preliminary work indicated that for the smaller pores fouling occurred very rapidly 
and became significant almost immediately for the 2 flm pores. 
8.1.2 Filtration performance: Permeate fluxrate 
Four sizes of Nuclepore filter were assessed for filtration, 2 flm, 5 !lm, 8 flm and 10 
flm. A number of filtration experiments were carried out for each with the results 
presented as permeate flux versus TMP for each size tested, Figure 8.1. For the 2 flm 
filter the flux results showed little dependence on the TMP with significant data 
scatter and with results for high pressures of up to 10 times lower than might have 
been expected from Darcy's law and the manufacturer's clean water flux data (Table 
3.2, page 3-22). This is due to the filter being able to reject almost all of the challenge 
droplets, such that any drop incident on a pore will most likely block it. The flux is 
therefore rapidly reducing with filtration time as more and more pores become 
plugged. Any filtration that does occur is from the rapidly reducing number of pores 
that are unplugged. As an indicator of this fouling it is common in these experiments 
for flux to reduce to the smallest trickle after a filtration time of one minute. A 
fouling layer of droplets was not expected to occur as the presence of a mixer just 
above the surface aids removal of any droplets free on the surface of the filter. 
Unfortunately, it had limited effect on drops plugging pores as they are partially 
within the pores. 
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Figure 8.1: Permeate fluxrates produced by applied trans-
membrane pressures. 
Fouling is significantly less apparent in filtration with the remaining three sizes of 
Nuclepore filters. The fluxes predominantly rise in a linear manner with increasing 
TMP, although this is at less than 1000 Pa TMP for the 8 and 10 /-lm filters. For these 
two filters the flux rises abruptly above 1000 Pa. This is believed to be due in part to 
pore plugging at the lower fluxes but also due to the difficulty of controlling and 
measuring filtration with the rig at medium to high TMP's. At these levels the 
filtration is conducted within ten to twenty seconds of the start with high permeate 
flows common, such that accurate measurements of permeate flux and collection time 
was difficult. Few experimental tests were conducted with large pores and higher 
TMP's as controllability was very poor and an experiment finished before 
measurements could be taken. 
Manufacturer's data (Table 3.2, page 3-22) indicates that due to filter pore density 
changes the 5 /-lm and 8 /-lm filters should produce the same fluxrates with the same 
TMP. Experimentally with emulsions this is observed not to happen and this can only 
be ascribed to the effects of pore blockage. This will be worse for the 5 /-lm filter 
rather than the 8 !lm filter as the fraction of drops rejectable by the filter is 
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considerably higher and so the rate at which fouling occurs is significantly higher. 
Comparisons between filtrations using 8 flm and 10 flm pores shows the larger size to 
possess f1uxes slightly higher than the 8 flm filter, this is in line with manufacturers 
data. 
8.1.3 Filtration & modelling performance: 2 flm pores 
The flux data from testing of the 2 flm filter is low and indicates that considerable 
fouling occurs during experimentation. However this fouling is predominantly 
expected to be by pore plugging, such that any permeate produced during a test is a 
direct indication of the deformability of the oil drops through the open pores. Thus, 
results obtained from experimental evaluations are valid for deformation assessments. 
Overall filtration is very good with rejections between 96-99 % and with permeate 
Sauter mean sizes of typically less than 3 flm, see Figure 8.2. A general trend of 
rejection decline with increasing TMP exists but is relatively minor at the 0-3000 Pa 
pressure range of interest, whilst the permeate size shows a more noticeable rise with 
TMP, but this is also relatively low over the pressure range. Theoretical predications 
of these experiments are also presented and show a close correlation on oil rejection, 
with a very good correlation for permeate size where all three tests model the filter 
well. However, these latter predictions suggest a higher size increase with TMP than 
actually occurs. Predictions of the permeate size distributions, Appendix 0: Figures 
0.5-0.9, correspond closely with the actual permeate distribution. 
8.1.4 Filtration & modelling performance: 5 flm pores 
Three experiments were performed for the 5 flm Nuclepore filter as shown in Figure 
8.3. The first two utilised a very similar feed and showed the expected decline of 
rejection and increase in permeate size as the TMP increased. The third experiment 
utilised a considerably larger feed size, 12 flm rather than 8 flm, and correspondingly 
produced an increase in rejection. The permeate mean size also rose as the proportion 
of the smallest droplets was considerably lower for this larger feed size. Modelling of 
these experiments was very close for the permeate size but generally 15 % below the 
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actual rejection. Typically filtration occurred with >90 % rejection and a permeate 
size of3-5 /lm. In general predictions of the permeate size distribution, Figures D.IO-
D.12 were close matches for the actual distributions of the first two experiments and a 
good match for the last albeit the actual results indicate that some larger drops pass 
through the filter whereas the prediction has an abrupt size cut-off of 8 flm. 
100% _ 14.00 
• • ~ 
90% 
12.00 
80% • E 
70% 10.00 -= 
c 
.~ 
u 
~ 
.~ 
~ 
• 
8.00 60010 x 
50% 
40% 6.00 
-- 4.00 
............ 
, 
, 
30% 
20% 
, -, 
,/ 
........ 
, 
2.00 
• • 10% " r-------------~ A 
0% 0.00. 
0 500 1000 1500 2000 2500 3000 
Trans-membrane pressure (Pa) 
• Actual rejection _ Theoretical Rejection A Actual Permeate size 
__ _ Theoretical Permeate size )( Feed size 
Figure 8.2: Experimental filtration results and comparisons 
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8.1.5 Filtration & modelling performance: 8 /lm pores 
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Experimental results for the 8 /lm filters follow the pattern of the 5 /lm results with a 
feed size for the first two tests of 7-8 /lm and 11 /lm for the third test. The 
experimental rejection drops strongly over the first two points from 95 % to 83 % as 
would be expected for the large pore size where the droplet sizes are not all that much 
greater. The subsequent rise for the third point is purely due to the larger feed size. 
As for the 5 /lm filter the permeate size increases steadily with TMP. Predictions of 
the experimental results are somewhat poorer than for the smaller pore sizes described 
earlier. The predicted rejection is at best 50 % and at worst 42 % of the actual value. 
However the permeate size is predicted significantly better, with a good correlation at 
1000 Pa TMP, although the predicted rate of change of size with TMP is very 
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different to the actual value. In terms of permeate size distribution (Figures D.13-
D.l5) there is a good match between predicted and actual results at 1000 Pa, but the 
predicted distribution is significantly smaller for a lower TMP and greater for a larger 
TMP. 
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8.1.6 Filtration & modelling performance: 10 Ilm pores 
Three experiments were performed for the \0 Ilm Nuclepore filter with all three using 
similar feed emulsions. Results of rejection show the filter to reject almost 90 % of 
the oil at a low pressure of 500 Pa with 70 % at 1700 Pa. The permeate Sauter mean 
diameter goes from 5 Ilm to 7.6 Ilm over the same range. Both sets of data follow a 
linear rate of change with TMP. Predictions of these experiments in terms of rejection 
are very poor with the prediction typically being 30 % of the true rejection, whilst 
predictions for permeate mean size are good with a very slight underprediction for all 
TMP's. The predicted permeate size distributions shown in Figures D.16-D.18 show 
good correlation to experiments for the lowest pressure but deviate significantly away 
at higher pressure. For a TMP of 1700 Pa the predicted permeate size distribution was 
very similar to the feed, the actual permeate is also very similar. 
For this latter size distribution there is little difference between it and the feed size 
distribution in the size yet a rejection of 70 % is occurring. This is most likely due to 
the hydrodynamics within the filter cell produced by the mixer, which hinders 
droplets from approaching the pores and aids removal of them from the pore 
openings. 
= ~ 
u 
~ 
';;' 
" 
100% 
y-________________________________________ , 14 
90% . 
• 
80% _ 
70% _ 
60% _ 
50% _ 
40% . x 
30% . 
20% 
10% . 
• 
x 
-' . " 
", 
.. ' 
12 
• 
x 
• 
2 
0% .~----+_----_r----~----_+----~----~.O 
0 500 1000 1500 2000 2500 3000 
Transpmembrane pressure (Pa) 
• Actual rejection __ Theoretical Rejection A Actual Permeate size 
___ Theoretical Permeate size '" Feed size 
Figure 8.5: Experimental filtration results and comparisons 
with theory for 1 0 Ilm Nuclepore filters. 
8-6 
8.1. 7 Modelling performance: sensitivity analyses 
Sensitivity analyses were conducted for the tubular pore model of NUclepore filters. 
The parameters investigated were pore size, interfacial tension, contact angle, 
capillary constant and feed size. The pore sizes used were 2 - to /lm's, for the pore 
size investigations, with 5 /lm used for all other investigations. Three feed emulsions 
were used for feed size investigations, as detailed in Figure E.I, with Sauter mean 
sizes of7.6, 8.1 and 10.8 /lm. For all other tests a single feed emulsion was used with 
a Sauter mean size of 10.8 /lm, also detailed in Figure E.I. 
Effects of pore size on the model are shown in Figures E.2-E.3 with comparisons to 
the experimental data. The predictions show a considerable pore size effect on 
rejection and permeate size with a pore size of 2 /lm rejecting at 98 % for TMP' s of 0-
3000 Pa whilst the 10 /lm filter stops rejecting oil at 1700 Pa. Comparisons of 
experimental data to predicted curves indicates that for rejection the 10 /lm results 
behave as ifthey possessed 7 /lm pores, the 8 /lm with 4.5 /lm pores, the 5 /lm with 3 
/lm pores whilst the 2 /lm match the 2 /lm predictions. This is slightly different for 
the predicted permeate size where the 10 /lm results match the 8 /lm prediction, the 8 
/lm results deviate strongly from predictions, the 5 /lm match the 5 /lm predictions 
and the 2 /lm match the 2 /lm predictions. The experimental mean size results of the 8 
/lm filter are difficult to compare with predictions as the individual tests occurred with 
different size distributions which varied significantly from test to test. The 
predictions however utilise a single constant feed for all work. 
Alterations in the interfacial tension affect only the rate of change of predicted 
filtration results with TMP, see Figures E.4-E.5. The effects however are 
considerable for reductions in the parameter with a I dyne cm" value predicting no 
rejection at all for a 750 Pa TMP. An increase in interfacial tension produces gradual 
improvements in rejection and permeate size over the 0-3000 Pa IMP range. 
However, for a value greater than approximately 13 dynes cm" there is little 
improvement for any further increase in the interfacial tension. At 13 dynes cm" the 
predicted rejection is 93 %, the mean permeate size 3 /lm with little change up to 3000 
Pa. Comparisons with experimental rejections improve by increasing the interfacial 
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tension whilst not significantly worsening the prediction of permeate size. 
The contact angle used in the modelling is 1 ° rather than the 0° determined 
experimentally, as the model requires a non-zero value to work. Figures E.6-E.7 show 
results of predictions using a wide range of contact angles with results indicating that 
negligible differences can be seen between results for 0.01 to 10°. Thus, the arbitrary 
choice of I ° seems justified. The small effect at these small contact angles is due to 
the correction to the critical pressure model being required as the combination of drop 
and pore sizes do not produce any droplets that contact at the equilibrium angle. The 
value of equilibrium contact angle becomes relevant only when it is over a value of a 
few degrees and the original model which uses this contact angle applies. As the 
contact angle increases the filtration predictions rapidly worsen with a contact angle 
of 70° not rejecting oil at 1000 Pa TMP. Overall increasing the value of contact angle 
makes the model fit to the experimental data much worse. 
Sensitivity of the model to capillary constant is shown in Figures E.8-E.9. These 
indicate that reductions in the capillary constant significantly worsen predictions of 
rejection and permeate size for only a small change in the constant. Equivalent 
increases in the constant produce significantly lower changes in the predictions with 
relatively low increases in rejection and lowering of permeate size for a 1.4 constant. 
Overall no change in the constant significantly improves prediction of experimental 
rejection whilst slight increases in the constant slightly improve the already good 
prediction of permeate size. 
The investigation of the model's sensitivity to feed emulsion size is presented in 
Figures E.IO-E.II for three different feed distributions. The predicted rejection is 
strongly dependent on the feed size with typically a 15 % improvement for a feed size 
increase of 7.6 ~m to 10.8 ~m. This also occurs for the permeate size where the 
coarser feed has a permeate size 15-25 % greater than for the finer feed. The increase 
in rejection is due in part to a greater fraction of rejectable drops in the larger feed. 
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8.2 VECO FILTER 
8.2.1 Filter and emulsion propel1ies 
All experiments were conducted with the standard test emulsion described in Section 
3.10.2, the size of which varied from experiment to experiment. The filter is the 
single unit described in Section 3.6.4.2 & Figure 6.7: page 6-19, with a mean size by 
flow of 6.25 flm. 
A single test of filtration resistance with time was conducted to evaluate the fouling of 
the filter during testing. This used a single volume of emulsion, which was allowed to 
filter using gravity to produce the TMP. Resulting permeate rates were recorded with 
time and height of liquid in the feed tank and converted to filtration resistance against 
time elapsed since the beginning of the experiment. This is plotted in Figure 8.6. 
Evaluation of this data allows an extrapolation of the data back to zero time to obtain 
a clean filter resistance value of 8.5 x 109 m· l • Overall, the fouling of this filter is low 
with a 40 % rise in resistance over the first one hundred seconds. However, this 
fouling is occurring by pore plugging and will skew the pore distribution available for 
flow with time. This is undesirable and is minimised by maintaining a short 
experimental time. For the TMP used in this test future experiments were conducted 
within 50 to 100 seconds of filtration start. 
8.2.2 Normal orientation 
8.2.2.1 Filtration performance: Permeatefluxrate 
The permeate fluxrate measured during permeate collection is presented in Figure 8.7 
against the trans-membrane pressure used as the driving force. Results possess a 
significant degree of scatter at TMP's of greater than 1500 Pa. This is attributed to 
the difficulty in controlling an experiment to the desired conditions as it lasts for a few 
tens of seconds only. At the higher TMP's the experiment may be all over within 10 
seconds. The trend of the data indicates that the fluxrate is reasonably linear against 
TMP as would be expected in the absence, or minimisation, of fouling. 
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8.2.2.2 Filtration performance: Rejection 
180 
• 
The oil rejection for the normally orientated experiments is presented in Figure 8.8 
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and shows low rejection decline with TMP over the range of 0 - 3200 Pa. At low 
TMP the rejection is greater than 95 % and at higher TMP's the lowest rejection is 81 
% with an average of nearly 90 %. 
Theoretical modelling of each experiment is also plotted in Figure 8.8. Typically the 
predicted value of rejection is 80 % of the real rejection. This could be attributable to 
the preferential pore blocking of the larger pores first. This is reasonable as 
considerably more flow passes through the larger pores when compared to the smaller 
pores. The effect of preferential blockage of larger pores is that the larger challenge 
drops are more likely to be rejected and will have a more significant effect on 
filtration than would large numbers of smaller drops. For example, one 10 flm drop 
has a volume of oil equivalent to 2 x 8 flm drops, 4.6 x 6 flm drops or 125 x 2 flm 
drops. 
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8.2.2.3 Filtration performance: Permeate size 
The Sauter mean diameter of the penneates and feeds of each experiment are plotted 
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In Figure 8.9 as size versus TMP. The predicted penneate sizes USIng the feed 
distribution are also given. 
The results possess some degree of scatter but follows an expected trend of penneate 
size increasing with increased driving force (TMP). This scatter is predominantly due 
to fluctuations in the feed size and distribution between experiments. Theoretical 
predictions of the penneate size are typically very close to the actual results and 
possess an identical trend with TMP, however at the higher TMP's the predicted sizes 
are always greater than the actual size. The predicted and actual permeate size 
distributions are detailed in Appendix 0: Figures 0.21-0.34 for each experiment and 
show reasonably close matching of distributions for TMP's of 1500 - 2500 Pa. 
Outside of this range the predictions significantly diverge from the actual results, with 
predictions at higher TMP's of penneates similar to their feeds, and at lower TMP's 
predictions are of sizes considerably skewed to the smaller droplet sizes with few 
larger drops present. 
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8.2.2.4 Modelling performance: sensitivity analyses 
Evaluations of the sensitivity of the model to a number of parameters have been 
undertaken. These parameters were pore size, interfacial tension, contact angle, 
capillary constant and feed emulsion size. Results of the variation in rejection and 
permeate Sauter mean size to variation of these parameters is presented in Appendix 
E: Figures E.13-E.24 for TMP's of 0 - 3000 Pa. These results were all calculated 
using a single feed emulsion distribution of mean size 12 flm, see Figure E.12, and 
with the measured emulsion and filter physical properties: interfacial tension 7.12 
dynes cm", contact angle 52.7°, cone angle 33.69° and capillary constant of 1. As 
required a single parameter could be varied whilst the remainder were held constant. 
Sensitivity of the model to the pore size of the filter is presented in Figures E.13-E.l4 
for both monosize pores and for the pore size distribution used in this work. The 
permeate Sauter mean diameter results indicate that the actual filter behaves as a filter 
with approximately 5.5 flm monosize pores whilst the rejection results suggests that 
the filter behaves as a near 4 flm monosize filter. This behaviour may indicate that 
there is some degree of fouling during experiments which is blinding the larger pores 
and so reducing the mean size of the filter. Sensitivity of the model to uniform pore 
size predicts that pore sizes of2 and 4 flm will have approximately constant rejections 
over the 3000 Pa TMP range with the 2 flm at 98 % and the 4 flm at 90-95 %. This is 
also observed in the permeate Sauter mean diameter with low size increases with 
pressure. Once the pore size exceeds 4 flm the filtration performance is predicted to 
decline rapidly with TMP with 50 % rejection at 2700 Pa for 6 flm pores and at 800 
Pa for filters of 10 flm size. 20 flm pores are not presented as the model predicts 
negligible rejection will occur over the ranges of interest. 
The interfacial tension of an emulsified droplet has a strong influence on the models 
performance, see Figures E.15-E.16, but can only alter the rate of change in filtration 
performance with TMP. It has no effect on the performance at minimal IMP, with 
the highest rejection being 91 % with a mean size of3.3 Ilm. Reducing the interfacial 
tension from 7 dynes cm" produces a rapid decay in filtration performance with 
rejection cut by a half and mean permeate size doubled by reducing to 3 dynes cm". 
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Predicted filtration performance with a value of 1 dyne cm·' is negligible for TMP's 
greater than 1000 Pa. Improvements in filtration occur as the interfacial tension is 
increased but only very gradually. Values of 15-21 dynes cm·' produce virtually the 
same results with rejections of near 90 % and mean sizes of 3.5~m for driving forces 
of 0-3000 Pa. This is at best an increase of 30 % in the absolute rejection at 3000 Pa 
and is generally a 10-20 % increase. Overall, there is no variation in interfacial 
tension that gives a good fit of the experimental results. 
The effect of contact angle of the emulsified droplet on filtration performance is 
virtually identical, and with a very good experimental data fit, for values of 22.7° -
52.7° with significant reduction in performance outside of these limits, Figures E.17-
E.l8. Both values of 2.7° and 72.7° produce results with 10-20 % lower rejections 
and higher mean sizes than that of 52.7°. As with interfacial tension, no variation in 
contact angle was able to significantly improve modelling of experimental results. 
The sensitivity analysis of the cone angle, Figures E.l9-E.20, is similar to that of the 
contact angle in that a maximum filtration efficiency occurs. In this case values of the 
cone angle from 20-60° produce the best results with the optimum angle being 53°. 
The actual cone angle of the filter is 33.69°, which produces filtration predictions 
slightly worse than this optimum, however this difference is generally insignificant. 
Cone angles outside of the 20-60° band produce significantly poorer filtration 
performances with significant reductions in rejection and increase in mean permeate 
drop size over the entire TMP range. Comparisons with experimental results indicate 
that no value of cone angle can make the model fit the experimental data with respect 
to rejection. 
Sensitivity of the capillary constant is presented for a range from 0.6 to 1.4, Figures 
E.21-E.22, although little literature evidence exists to justify the larger values or sub 
unity values. Results of the sensitivity analyses indicate that sub unity values of 
capillary constant strongly degrade the predicted filtration performance, whilst values 
above unity generally improve predictions slightly. In no case is the modelling of the 
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experimental results improved significantly. 
Changes in the feed emulsion distribution have a significant effect upon the filtration 
performance as would be expected, Figures E.23-E.24. A large size has a high 
rejection/small permeate size whilst a smaller feed size gives the reverse of this. Data 
for filtration performance using a 7.6 fim mean feed size and a 10.8 flm feed size 
show significant differences. For the larger size the rejection is generally 10 % above 
the lower size whilst the permeate size is up to 40 % lower. 
8.2.3 Reverse orientation 
8.2.3.1 Filtration performance: Permeatefluxrate 
Experimental evaluations of deformation using the surface modified Veco filter in its 
reversed orientation were conducted in an identical manner to that of the normal 
orientation. The permeate fluxrate of each experiment is plotted in Figure 8.10 
against TMP and shows a reasonably linear relation with a relatively low scatter of 
data. Where scatter occurs this is due to difficulties in controlling the experiment to 
the desired values. 
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8.2.3.2 Filtration performance: Rejection 
Experimental oil rejections produced in the deformation testing are shown in Figure 
8.11 against trans-membrane pressure. These show a very gradual decrease in 
rejection, as TMP rises, from 95 to 90 %. This data has little scatter although the feed 
size varies from 8 flm to 13 flm, see Figure 8.12. Theoretical modelling of these 
experiments is also plotted in this graph. It possesses a linear decline with increasing 
TMP and is typically 80 % of the actual filtration. 
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Figure 8.11: Experimental and predicted oil rejection against 
trans-membrane pressure. 
8.2.3.3 Filtration performance: Permeate size 
The experimental data of the deformation tests is presented in Figure 8.12 as permeate 
Sauter mean diameter and its corresponding feed emulsion Sauter mean size. The 
permeate size is approximately linear with a gradual increase as the TMP rises, this 
occurs even though the feed sizes are fairly well scattered and would have been 
expected to produce a scattered set of data as with the testing of normal orientation of 
this same filter. The theoretical prediction of the permeate sizes is also presented in 
this graph as Sauter mean values and agrees well with the actual data. For TMP's 
below 1500 the values are almost identical. The actual and predicted permeate size 
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distribution, Figures D.37-D.46, correspond to this with a considerable similarity 
between the two up to 1700 Pa. Above this pressure the two diverge with the 
predicted permeate rapidly coming nearer the feed distribution as TMP rises. 
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8.2.3.4 Modelling performance: sensitivity analyses 
Sensitivity analyses of the reversed orientation pore model were conducted in the 
same manner as for the normal orientation test and with the same standard values. 
The pore shape of the unplated pore was modelled as a throat diameter of 20 /lm, an 
open pore diameter of 100 /lm and a pore depth of 60 /lm. This was adjusted 
automatically by the model to account for pore size reduction by surface modification. 
Results of sensitivity analyses are presented in Appendix E: Figures E.25-E.37 as 
rejection and permeate Sauter mean size against the driving force of TMP. 
Sensitivity of the model to pore size is presented in Figures E.26-E.27 with results for 
both a series of uniform pore sizes and for the full experimentally determined pore 
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size distribution. This distribution produces predicted rejection and permeate sizes 
comparable to a monosize filter of 5.5 ~m, which is significantly less than the 
experimentally determined mean pore size by flow for the filter of 6.25 ~m. 
Comparisons of the experimental data against the uniform pore sizes indicate that the 
pore size that describes these results is different for the rejection and permeate size 
data. A uniform pore size of 3.5 ~m gives a good fit for the rejection data whilst a 
value of 5 ~m gives a good fit for the permeate size. The general behaviour of the 
model to pore size is that smaller pores improve the filtration and lower the decrease 
in filtration efficiency with increasing TMP. For example, the predicted filtration 
with a 2 ~m pore is for an essentially constant 98 % rejection and constant 1.8 ~m 
permeate size over the TMP range of 0-3000 Pa. The predicted rejection for a 1 0 ~m 
pore is for 50 % rejection and a permeate size of 7 ~m at a TMP of 1000 Pa, with no 
rejection predicted at a TMP of 1750 Pa. A pore size of 20 ~m is not presented as this 
is predicted not to produce any rejection over the conditions of interest to this work. 
The effect of interfacial tension on the model is illustrated by Figures E.28- E.29 with 
results very similar to that of normal orientation. Filtration is predicted to worsen as 
the interfacial tension is reduced with a value of 1 dyne cm-' predicting no rejection at 
a TMP of 1000 Pa. Increasing the interfacial tension over the experimentally 
determined value of 7.12 dynes cm-' improves rejection and reduces the rate of 
filtration results decline with increasing TMP. Values of> 13 dynes cm-' produce a 
somewhat constant rejection and permeate size. Predictions of the experimental 
rejection were not improved significantly. 
Sensitivity of the model to the contact angle is significantly different from that of the 
normally orientated pore model but with a very similar overall result. The data is 
presented in Figures E.30-E.31 which shows the optimum filtration results occur for 
contact angles of 30-60° with the optimum value at the 52.7° value used in this work. 
Contact angles moving away from the 30-60° level significantly worsen the predicted 
filtration results. Overall, the variation of contact angle does not improve the 
modelling of the experimental data. 
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For sensitivity analysis using the cone angle, Figures E.32-E.33, the optimum value 
for high filtration performance is any value between 30-S0°. All produce the same 
predicted rejection and permeate sizes. Outside of this limit, predicted filtration is 
significantly worsened. As seen before no change in cone angle makes the model fit 
the experimentally determined filtration data. 
Fluctuations in the capillary constant are illustrated in Figures E.34-E.3S with very 
similar results to that observed in the normal orientation model. Filtration 
performance is predicted to be enhanced by increasing the constant and reduced 
considerably for an equivalent reduction in the constant. In general a change in the 
capillary constant does not improve modelling of the experimental rejection and only 
significantly improves modelling of the permeate size when a high capillary constant 
is used. 
Modification of the feed mean size and distribution has the expected effect of 
filtration performance improving with increasing feed size, Figures E.36-E.37. A rise 
in the mean feed size from 7.5 /-lm to 10.8 /-lm improves the predicted rejection by an 
additional 1O-1S % at all TMP's. A similar result occurs for the mean permeate size 
with a reduction of 10-IS % at all TMP's. This effect is solely due to the proportion 
of rejectable droplets increasing as the mean size increases. 
8.3 CONCLUSIONS 
8.3.1 Nuc1epore filter 
Emulsion deformation analyses of Nuclepore filters have been perfonned usmg a 
small-scale, dead-end filtration rig utilising 47 mm filter discs. These were conducted 
using a range ofTMP's from 0-3,200 Pa which was produced using a combination of 
gravity filtration, a permeate restricting valve and a vacuum pump attached to the 
permeate. 
Nuclepore filters were used for assessment of oil drop deformation and modelling as 
they possess straight through tubular pores with predominantly near-circular pore 
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shapes of generally uniform size. This allows the analysis of droplet deformation to 
concentrate at the pore opening only as this is the position of critical pressure. This is 
an advantage and a considerable simplification over the Veco filters as no 
consideration of the pore shape or size, other than the throat size, is necessary. 
Fouling is a major problem with deformation testing of Nuclepore filters with a 2 !lm 
filter fouled considerably and the 5-10 filters !lm affected to some un-determinable 
degree. Typically, a flux of 200 I m·' h·' can be obtained for less than 500 Pa using 5 
and 8 !lm filters and considerably less than 400 Pa for a 10 !lm filter. These pressures 
are generally two to three times lower than for the Nickel Veco filter, which is due to 
the significantly higher porosity. Unmodified Veco is I % whilst Nuclepore ranges 
from 5-10 %. 
Modelling of these filters is extremely good for the lower sizes of 2 and 5 !lm with 
close agreement between rejection and permeate sizes. The modelling however 
becomes significantly worse for the two larger pore sizes with rejection for 10 !lm 
filters modelled as 30-50 % of the actual rejection. However the permeate size 
modelling still gives close agreement. 
This phenomenon indicates that the modelling is applicable only for the smaller pore 
sizes and becomes somewhat inaccurate at the higher sizes. This would indicate that 
for the size-distributed pores of the Veco filter the results will be skewed away from 
the actual experimental data by the actions of the larger pores. Unfortunately, no 
modelling of the type used in this work will correct for this. 
The last experiment for the 10 !lm filter at a TMP of 1700 Pa produced an 
experimental permeate size distribution very similar to that of the feed and also to the 
predicted permeate yet actual rejection was 70 % compared to a predicted 14.5 %. 
The discrepancy indicates that forces other than deformation alone are at work to 
achieve filtration. One explanation is that the hydrodynamic forces in the cell 
produced by the mixer close to the filter surface are actively helping to prevent 
droplet-pore contact by high flows across the filters surface. These will also aid 
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removal of the droplets from the filter pore openings if they do contact. Another 
explanation is that creaming of the emulsion produces some stratification with a small 
element of emulsion challenging at a pore possessing a larger number of smaller drops 
at its base and a larger number of the bigger drops at its top, however this is heavily 
size dependent and would be expected to significantly reduce the permeate size 
distribution from the feed distribution if it was relevant. This patently does not occur 
in this experiment. 
Sensitivity analyses of these filters indicates that alterations from the measured values 
of the interfacial tension, contact angle or capillary constant have little effect upon 
improving the modelling of experimental data and can easily make predictions 
significantly poorer. The feed emulsion size can have a significant affect on the 
results but increases in size raise both the rejection and permeate size. The strongest 
parameter in the sensitivity analysis is the pore size of the filter. 
8.3.2 Surface modified Veco filter 
Filtration experiments have been performed for both normal and reversed orientation 
of the modified Veco filter. These consisted of a simple dead end flux experiment 
where the TMP only was controlled with analysis of flux, rejection and permeate size. 
These were conducted for a TMP range of 0-3000 Pa that is the maximum range that 
can be reasonably controlled using the rig. Typical permeate fluxrates at 3000 Pa 
were 800 I m-' h-\ which is greater than the values used for emulsion filtration using 
modified Veco filter material in both the tubular and flat sheet filtration rigs. 
The filtration experiments of both the two orientations of the Nickel Veco filter 
indicate a linear relationship between fluxrate and applied TMP with a ratio between 
these of 0.22 for the normal orientation and 0.2 for the reverse orientation. This 
compares with a calculated theoretical value for clean water by the Darcy equation as 
0.42 which would be expected for the clean membrane resistance determined 
experimentally as 8.5 x 109 m-I. The difference between the observed value and 
theoretical clean water value is due to the presence of the emulsified droplets, which 
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are harder to force through a pore than water alone. There is also some pore blocking 
occurring when a droplet impinges on a pore and the TMP is below the critical 
pressure. This is observed to occur in the fouling experiment performed with this 
filter with a rise of filtration resistance of 40 % in the first 100 seconds of permeation. 
Typically all experiments were conducted well within this time and use of the paddle 
stirrer close to the filter surface was believed to aid removal of any droplets from the 
surface of the filter that blocked the pores. 
The experiments with the Nickel Veco filter show considerable filtration efficiency 
with most rejection data being greater than 90 %, with correspondingly low permeate 
Sauter mean sizes. Both of these criteria change linearly as TMP rises but slowly for 
TMP's of 0-3000 Pa. In terms of rejection and permeate size there are few differences 
between the normal and reversed orientations with both rejecting the emulsion very 
well. Predictions of the filtration are also very similar with both models predicting 
permeate sizes well, especially for pressures below a TMP of approximately 1500 Pa. 
This also is true for the predicted and actual permeate size distributions. Predictions 
of rejection are not as good with some divergence between predicted and actual 
values. However, the same trend of slow reduction of rejection with increasing TMP 
occurs with a typical value of predicted rejection of 80 % of the actual value. 
Sensitivity analyses of the two models to pore sizes are similar with relatively minor 
changes between rejection and permeate size data using both uniform pore sizes and 
the actual pore distribution. However, the experimental data for these two filter 
orientations gave considerably different uniform pore size to which the model gives a 
good fit. The normal orientation models both permeate and rejection as a 4 Ilm filter 
whilst the reverse orientation model fits the rejection as a 3.5 Ilm filter and the 
permeate size as a 4.5 Ilm filter. The differences are not that great and can be 
reasonably ascribed to the variation of feed emulsion sizes between each experiment. 
It is likely that the difference in the pore size observed to model the experimental data 
and the actual size can be ascribed in some degree to fouling of the filter by pore 
plugging. This will preferentially block the larger pore sizes due to their relatively 
higher flow than the smaller pores and so will cause a general reduction of filter mean 
8-22 
pore size with time. 
The interfacial tension of the droplet has a strong effect on the system. For a low 
interfacial tension the droplet can deform considerably and can easily be squeezed 
through pores. This is observed in predicted filtration behaviour with low rejection 
for low interfacial tension. The best results occur for interfacial tensions greater than 
13 dynes cm·1 when the relative change of rejection and size with TMP is very low 
and is generally insignificant. The experimentally measured interfacial tension of 
7.12 dynes cm·1 is predicted to give good rejection. For both normal and reverse 
orientation, the effect of modifying the interfacial tension does not significantly 
improve the modelling ofthe actual filtration data. 
Sensitivity analyses of the two models to the contact angle and cone angle indicate 
that the best predicted filtration results are close to or with the experimentally 
determined values of S2.T and 33.69° respectively. Little filtration improvement can 
be obtained by adjusting these values and a variation of 10-20° in either can 
significantly worsen predicted rejection and permeate size. The two models behave 
differently to these two variables at positions away from the optimum values, this is 
solely due to the two models using different expressions involving multiple uses of 8 
and 13. 
The use of the capillary constant is of limited benefit to the models used in this work 
with a significant rise in the constant needed to improve the modelling. This however 
is not reasonable as capillary constant values significantly greater than unity is 
relevant to depth filters or those with complex pore shapes only. The filter in this 
work possesses no depth filtration mechanism and the pores are reasonably regular 
indicating that a value of unity is the most reasonable value. 
The two models behave almost identically to changes in feed sizes with general 
improvements of 10-15 % in rejection and reduced permeate size for a feed size raised 
from 7.5 J.lm to 10.8 J.lm. This is solely due to the fraction of droplets rejectable by 
the filter increasing and such that those that may be rejected, or not, being generally of 
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a higher mean size than that of a smaller feed size. Overall, the fraction of droplets 
that pass through the filter are considerably reduced thus increasing rejection. 
8.3.3 Overall conclusions 
Deformation experiments with the two types of filter material were conducted 
satisfactorily for most conditions of pore size, TMP and orientation. Some fouling 
was observed for Nickel Veco filters and was a major problem for the 2 Ilm Nuclepore 
filters. Filtration was subsequently adjusted to minimise the problem. Experimental 
results were on the whole very good with 80-95 % rejection common and with very 
gentle decline in rejection and increase in permeate size with TMP and pore size. 
In terms of permeate flux the two orientations of Nickel Veco filter were able to 
produce 200 I m" h" flux for TMP's of 1000 Pa. Of the Nuclepore filters the 2 Ilm 
filter fouled too rapidly to give meaningful flux data however the remaining three 
Nuclepore filters were not observed to foul significantly. The TMP's for the same 
200 LMH flux using Nuclepore filters was 500 Pa for the 5 Ilm filter, between 400-
450 Pa for the 8 Ilm filter and greater than 400 Pa for the 10 Ilm filter. 
The modelling of oil droplet deformation has been shown to have a close correlation 
with the experimental data when the TMP's or pore sizes are low. As pore size or 
TMP rise the modelling of the permeate size and distribution remains reasonably close 
to experimental work whilst the rejection predictions rapidly deviate away from 
experiments with 30-50 % underprediction being common. A single test of a 10 Ilm 
Nuclepore filter produced a result where the permeate and feed emulsion distributions 
were almost identical yet a rejection of 70 % was produced whilst the predicted 
rejection was only 14 %. This behaviour cannot be ascribed to pore blocking as the 
pores are of uniform size and a blockage of one would only affect the fluxrate. 
Therefore, it must be attributed to other forces at work in the filtration cell. The most 
likely is that of hydrodynamic forces significantly affecting the emulsion challenging 
a pore opening with larger droplets preferentially kept away from the filter. 
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Sensitivity analyses of the models indicated that no filtration modelling improvements 
could be obtained through changes in contact angle and cone angle whilst slight 
improvements could be achieved by altering the interfacial tension to values greater 
than 13 dynes cm-I. Some changes could be obtained by adjusting the capillary 
constant to higher than unity but there is little justification for this as pores are 
predominantly circular and straight. Significant improvements in the fit of the model 
were possible by adjusting the feed and pore size distributions with larger feeds and 
smaller pores. 
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CHAPTER NINE 
9. CONCLUSIONS & RECOMMENDATIONS FOR FUTURE 
WORK 
9.1 INTRODUCTION 
The work conducted for this thesis and presented in the earlier chapters is reviewed in 
this section as to the significant results and conclusions to be drawn. This also 
includes recommendations for future work indicated during the writing of this thesis. 
9.2 EMULSION CHARACTERISATION 
Significant research was conducted in the early stages of this work to identify the 
emulsion properties and constitution required for filtration. It was detennined that an 
emulsion of 0.2 g 1. 1 of polyvinyl alcohol in filtered mains water was able to stabilise a 
1000 ppm kerosene emulsion with minimal drop break-up during filtration. 
Filtration characterisation requires that both the rejection and emulsion sizes be 
determined for accurate results to be obtained. It was determined during the work that 
turbidity was unsuitable, as it is unable to independently distinguish between droplet 
size and concentration effects. To determine rejection a novel method of doping the 
oil phase with copper ions was identified, using an aromatic oxime, Accorga, to 
complex the copper into the oil. Experimentation with this system during filtration 
proved to be highly efficient with rapid emulsion concentration measurements 
possible through atomic absorption analysis of the copper level. Tests indicated that 
no copper leached into the water phase at any stage and that the calibration was linear 
for copper doping levels of up to 4 ppm. To facilitate sampling of emulsions in 
atomic absorption analyses sonication was used to produce an extremely small drop 
size, this minimised sampling errors. 
To complete emulsion characterisation, the droplet size distribution was determined 
using a Coulter Multisizer II. This was assessed to produce results comparable with 
microscope analyses. Laser size analysis using a Coulter LS 130 was discontinued 
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after early work due to inaccuracies at the smaller end of the size distributions. 
The emulsion was also characterised by interfacial tension and contact angle for use in 
emulsion deformation modelling. The interfacial tension was measured at a 
concentration of PV A, in water, that would give the same ratio of PV A to interfacial 
area as exists in a typical emulsion. This would result in a similar interfacial 
concentration of PV A as in a typical emulsion, hence giving an accurate 
representation of the experimental emulsions. The interfacial tension was determined 
to be 7.12 dynes cm·', which was found to be PVA concentration dependent, with 
values similar to C6-C8 alcohols. 
The contact angle was assessed using a purpose-built cell to determine the values for 
emulsified oil drops on filter surfaces. For the Veco material the contact angle was 
127.3° which indicates considerable hydrophobic behaviour of the water-wetted 
system. Measurements of interfacial tension and contact angle using polycarbonate 
Nuclepore filters showed both oil and water-PVA phases to flash wet the material 
with contact angles of essentially zero degrees, regardless of whether the filter was 
previously wetted by the other phase. It has been concluded that the action of the 
polyvinyl pyrolidone film supplied on the filter produces this result as it contains both 
hydrophilic and oleophilic groups. 
9.3 FILTER CHARACTERISATION 
Characterisation of filter pore size was performed by four separate methods. Flat 
sheet filters were characterised by SEM's & porometry, tubular filters were 
characterised by microscopy, SEM's & porometry whilst circular filters, for oil 
deformation analyses, were characterised by microscopy, SEM's & porometry. 
The Veco material was found to consist of asymmetric pores with a roughly conical 
shape of 100 /-lm diameter at the reversed face and 13 /-lm, by SEM analysis, on the 
normal face. Experimentation with a tubular filter of this material indicated that the 
solid particle cut-off size was 20 [lm for this filter. It can be concluded that the filter 
possesses the majority of its pores near to 13 /-lm, yet possesses pores of up to 20 
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Ilm. Modification of the pore size of this filter was effective giving typical sizes of 3-
5 Ilm, mean size by flow. 
9.4 EMULSION FILTRATION WITH FLAT SHEET FILTERS 
Filtration with commercially available flat sheet filters was conducted to identify 
filters that possessed properties for true surface filtration to be examined. To achieve 
this a number of filters of woven mesh and perforated sheet design were compared to 
a known depth filter constructed from sintered stainless steel fibres. It was found that 
this depth filter fouled significantly during filtration with a degree of irreversible 
fouling observed. The filter also allowed a number of very large drops to deform and 
pass through, which as the filters nominal size is 3.5 Ilm, was a significant problem. 
The surface filters examined all produced lower rejections than the depth filter, 
however, for the tightest weave and the perforated Veco sheet the values were 
typically within 10-20 %. No surface filters fouled, thus TMP's and filtration 
resistances were significantly lower than the depth filter. It was observed that for the 
woven filters the type of weave was important, with the key factor not being the size 
of the opening on the surface, but the opening within the weave, between the warp and 
weft wires, which allowed droplet passage to occur. With the smaller sizes of surface 
filters the droplet cut-off size was significantly below the depth filter. 
The relative performances of the filters tested indicated that the Veco filter was 
suitable for future filtration work with sufficient strength to allow self-support when 
manufactured as a tubular filter. It is also the only filter that can be readily surface 
modified to reduce the pore size. 
9.5 EMULSION FILTRATION WITH TUBULAR FILTERS 
Tubular filters are of major importance in the field of filtration with a significant 
number of applications in a multitude of industries. Commonly these are depth style 
filters, which rely on a tortuous path to trap particulates within the media. This leads 
to flux decay and frequently produces a degree of irreversible fouling. This work 
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focuses upon a new, novel, filter that relies on surface filtration for particulate 
removal. This filter was identified during flat sheet filtration as a high performer with 
good filtration when compared to a sintered fibre depth filter and due to its metallic 
construction allows surface modification to reduce pore size. 
Evaluation of the surface filter, Veco, was combined with evaluation of filtration 
inserts of rod and helix design. The rod insert was a simple bar axially down the filter 
whilst the helical inserts were formed from an o-ring wrapped around a rod and tightly 
fitting within the filter. These were produced with differing pitches such that the 
centrifugal forces acting upon an oil droplet in a direction away from the filter surface 
could be varied. 
The action of the filtration inserts on the flow regime within the filter was studied in 
terms of velocity, Reynolds number and wall shear, with the flow channel around the 
helical inserts defined from measurements of the helix and filter geometry. The action 
of the helical inserts on the motion of oil drops were defined by the g-factor and a cut-
off emulsion drop size assuming ideal centrifugal motion, which was determined as a 
function of flowrate and fluxrate. In was determined that the tightest pitch helix of 14 
mm would achieve a wall shear stress 5.6 times greater than no insert at the same 
flowrate. 
Evaluation of a tubular unplated filter with all tests at 4 I min" crossflow rate 
produced typical rejections of 40-50%, comparable to the flat sheet work, with the 
helices producing higher rejections. It was concluded that the use of an insert will 
improve filtration irrespective of its design, however the additional action of the 
helical flow will aid filtration, but at the cost of a higher TMP and channel pressure 
drop. Of the helices a 42 mm pitch appears to be more practical than the 14 mm pitch 
as, although its rejection is slightly poorer, it requires under one tenth of the TMP of a 
14 mm pitch helix. Further evaluations with silica showed the filter cut-off size to be 
20 J.lm with 50 % grade efficiency near to 10 J.lm, which is reasonable as the mean 
pore size determined from SEM was \3 J.lm. In comparison the emulsion cut-off was 
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at best 80 Ilm with frequently 100 Ilm drops present in the permeate. 
The helical inserts were analysed throughout the filtration work to determine the 
effects of helical fluid motion within the filter. To achieve this the experimental cut-
off drop size was compared to the predicted value assuming ideal helical motion. For 
low flows and small pore sizes the actual cut-off was always below the predicted size, 
however for high flows and large pores the actual cut-off was frequently significantly 
over the predicted value. It is apparent from this that the flow within the helical path 
is far from ideal, with high levels of turbulence significantly affecting the filtration. 
Surface modification of Veco filters proved to be successful with pore sizes of 3 Ilm 
producing emulsion rejections typically over 95 % for 10 Ilm oil drops with 50-60 % 
overall rejection possible for a feed Sauter mean size of 4 Ilm. Typically, trans-
membrane pressures of less than 40 kPa were required, with less than 20 kPa 
common. This is a result of the thinness of the filter combined with the conical pore 
shape and lack of tortuous flow channel. 
Investigations into the Veco material included studies of filtration using both sides of 
the filter as it possesses conical pores with a tight normal side and open reverse side. 
An effect of this is that the filters possess a self cleaning ability with particulates 
easily dislodged by a backflow of permeate or air. The action of the pore shape can be 
observed from the degree of fouling, with the normal orientation fouling significantly, 
whilst the reverse pore fouled only slightly. This was achieved with equivalent 
permeate sizes, and with the reverse pore producing slightly lower rejections and 
lower TMP's, however the reverse filter possessed a mean pore size by flow of 12 % 
greater than the normal filter. It can be concluded that the orientation is significant 
with filtration improved for the reverse pore. 
Cross flow rate evaluations were conducted to determine the results of filtration with 
each insert at fouling and non-fouling conditions. It was found that the filtration 
performance is significantly affected by flowrate with increases in flow improving 
rejection and permeate size. Significant improvements are also present for non-
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fouling conditions over the fouling conditions. 
Fouling of tubular filters was studied throughout the filtration work to determine if a 
parameter related to the flow could be used to indicate conditions liable to produce 
fouling. It is readily apparent that turbulence and high channel velocity are important 
to preventing fouling, however a number of experiments with significantly turbulent 
systems fouled, leading to the conclusion that the degree of turbulence, evaluated 
using the Reynolds number, is a poor predictor. Similarly the channel velocity was a 
poor predictor with identical velocities fouling with one insert and not with another. 
The wall shear, however, proved to be a useful indicator of fouling with a relation 
apparent between the flowrate at which fouling occurred and the fluxrate and feed 
drop size. Exact relations are undetermined. 
To alleviate fouling the use of air back pulsing was investigated with a pulse rate of 
60-100 min· l and duration of a few milliseconds. This was able to completely prevent 
fouling in all cases where it was used, however it typically reduced the emulsion 
rejection considerably. A study of the effects of TMP, air pressure and air rate was 
conducted to evaluate the performance of each. It was determined that the three 
parameters are intimately linked with filtration performance strongly affected by each. 
Relations between these were difficult to realise, however it was apparent that the 
conditions could be set experimentally through the analysis of the permeate fluxrate. 
The air pulse rate was found to have a minimum level for effective foulant 
elimination, with increases in this value having no apparent improvements. The air 
pressure was typically set to 20-30 kPa as it was apparent that high pressures 
produced high transient pressures in the feed channel which were relieved back 
through the filter immediately after back pulsing, resulting in large drops deforming 
through the filter. During backpulsing operation TMP's were found to be higher than 
those used without backpulsing to overcome the lost filtration time. 
The use of electrolytically produced bubbles was investigated as an aid to filtration, as 
it was thought that the action of an oil drop attaching to a bubble would produce a 
significantly larger combined size, which will be easier to reject at the filter surface. 
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The aggregate will also possess a lower overall density than the oil drop alone, thus in 
a helical flow it will be subject to a higher centrifugal velocity. In practice these 
effects could not be produced and frequently the action of the bubbles worsened 
filtration, probably by pore blockage. It is likely that the emulsion chemistry used 
was not suitable for the interactions to occur, this is unsurprising given the relatively 
uncharged nature of the PV A polymer used. Commercially, flotation utilises charged 
surfactants that aid the oil drop and bubble attraction through adjusting the combined 
zeta potentials. 
9.6 EMULSION DEFORMATION MODELLING 
The deformation of emulsion drops through pores has been studied little in the field of 
emulsion filtration. It has been conducted for this work using a modification of the 
y oung-Laplace equation to model the menisci of an oil droplet in contact with the 
solid surface of a pore. Theoretical modelling has determined that critical positions of 
droplet deformation through pores exist, where the pressure across the droplet 
required to force it through the pore is at a maximum. For a simple cylindrical pore 
this critical position is when the droplet forms a leading meniscus at the pore throat at 
the equilibrium contact angle. All other positions of the drop as it enters, passes 
through or leaves the pore require lower applied pressures. The result of this 
phenomenon is that a droplet will only be able to block a pore at the pore throat, and 
when deformed into the pore the pressure over it will be greater than the pressure 
required to deform it through the pore, with a corresponding movement out of the 
pore. 
The theoretical analysis of a tubular pore is relatively simple when compared to the 
pore shape of the Veco material. This possesses a pore shape approximately conical 
with a tight pore throat and open reverse face. Application of the deformation theory 
developed for tubular pores in this thesis concluded that the critical position for an oil 
drop contacting the pore throat from the normal filter side will also be at the pore 
throat. However, the deformation equations required modification to include the 
angle of the pore, which affects the oil droplets leading meniscus. Analysis of the 
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reverse orientation of the pore was complex with modelling required for all stages of 
drop deformation through the pore. The critical position determined was for the 
droplet just leaving the pore with a leading meniscus upon the flat normal surface of 
the filter and the trailing meniscus within the pore. The TMP required to deform a 
drop through this position depends upon the depth of the trailing meniscus within the 
pore and the pore dimensions, which are reduced by the effects of surface 
modification. 
Analysis of the critical position and therefore the critical pressure required to deform a 
drop through a given pore has been performed. It was found that deformability is 
directly related to drop size with large drops easily deformable and small drops, 
approaching 1-2 /lm, somewhat un-deformable. It can be assumed that drops of this 
size can be considered rigid spheres under all but the most extreme pressures. 
The deformation models produced for a single drop/pore were expanded to model a 
real filtration system which consists of both a pore and drop size distribution. This 
enables both rejection and permeate sizes to be determined for a given filter and 
challenge emulsion. To examine the validity of this a series of experiments were 
conducted using Nuclepore filters and a surface modified Veco filter with a small-
scale dead end filtration rig, which allowed accurate determination of trans-membrane 
pressure. Nuclepore filters were utilised as they possess little variation in pore sizes 
so that the modelling of filtration would be primarily dependent upon the droplet size 
distribution of the challenge emulsion. 
Filtration was conducted with surface shear across the filter provided by a mechanical 
agitator. This was operated at a high speed and in close proximity to the filter so that 
the shear was significantly greater than that observed to foul in the tubular filtration 
experiments. To further improve accuracy of results the experimental time was 
minimised to prevent fouling affecting results. It was essential that for accurate 
modelling of results that the filtration should purely be by droplet interaction with 
pores and not controlled by a secondary membrane. 
9-8 
Filtration was found to generally foul the filter slightly at the elevated TMP's and flux 
rates used, however this was negligible for all but the 2 ~m NucJepore filtrations in 
the time scale used. Results for filtration using the surface modified Veco material 
were similar to those observed in tubular filtration experiments with typically a high 
rejection and small permeate size. These generally agreed with the trends observed in 
tubular filtration with respect to increasing fluxrate and TMP, with rejection found 
higher for a higher challenge emulsion drop size. Similarly, the filtration was found 
to be pore size dependent in the range ofNuclepore filters used. 
Modelling of the filtration was conducted and a number of significant results 
obtained. It was found that the theoretical model, derived from the critical pressures, 
was able to model the permeate drop size closely for both the Nuclepore and Veco 
filters. Significant variation in predicted and actual sizes were only present for the 
highest of TMP's and I 0 ~m Nuclepore filters. Prediction of rejection was less 
reliable than the permeate size with high accuracy at low TMP and small pore size, 
however predictions were significantly poor at high TMP's and large pore sizes. This 
is believed to occur as experimental rejections remained high throughout the work, 
and in one experiment the permeate and feed emulsion size distributions were 
identical but with an overall rejection of 70%. The predicted rejection was 14 %, thus 
it is apparent that forces within the filter cell were aiding filtration. A likely principal 
factor is that of pore plugging which will preferentially block the larger pores as these 
pass a significant proportion of the permeate flow. With a small number of the largest 
pores blocked the larger droplets will be rejected to a higher proportion, 
correspondingly the rejection will improve and the permeate size decrease. 
Sensitivity analyses of the predicting theory was conducted to determine the 
significance of each parameter on the ability of the theory to model experiments. It 
was determined that the interfacial tension, contact angle and cone angle of the Veco 
pore shape affected the modelling to a small degree for a wide range of values. The 
significant parameters were the pore size and the emulsion challenge size. Relatively 
minor changes in these had a major influence on filtration performance. 
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During filtration with tubular filters it was observed that the reversed Veco filter 
required a lower TMP than the normal orientation for a constant fluxrate, with a 
correspondingly lower filtration resistance and lower tendency to foul. This also 
occurred for the deformation experiments where the TMP difference between the two 
orientations is apparent in plots of fluxrate against TMP. However little difference in 
rejection was noted for the deformation tests, whilst a slightly lower rejection for the 
reversed orientation was apparent in tubular filtration tests. This concurs with the 
model, which predicts that rejection will be poorer for the reverse orientation. 
During experimentation it was noted that in general the Nuclepore filters produced 
high rejections when compared to the Veco filter, this in part is due to small pore size 
variations in the Nuclepore filter when compared to the substantial pore distribution, 
typically of2-10 ~m, apparent in a 3 ~m Veco filter. This phenomenon is also due to 
the tubular pore shape which deformation theory predicts will have higher critical 
pressures than the two orientations of the Veco filter. 
Prediction of filtration performance has been achieved through a study of oil drop and 
filter interactions, made possible by the straight through pores of a true surface filter. 
Experimental fit is generally good in terms of both permeate size and emulsion 
rejection. Sensitivity analyses have shown the prime factors of oil droplet rejection 
are the filter pore size and emulsion drop size. Commercially the most important 
factor to improving filtration performance is pore size. 
9.7 RECOMMENDATIONS FOR FUTURE WORK 
Filtration with surface filters is currently limited by the lack of choice on the market. 
Nuclepore filters are not practical for use outside of a laboratory, whilst the Veco 
material as supplied is hindered by both its large pore size, lack of general robustness 
for industrial applications and low open area. The pore size has been modified 
consistently for this work, down to 3 ~m, and the robustness aided somewhat by 
utilising a tubular form and helical inserts to act as supports. Future work requires 
that the robustness be studied to ensure that the filter can withstand conditions found 
9-10 
in industry. This would involve the use of external and possibly also internal supports 
to prevent the filter from being crushed. Modification of the open area is also 
recommended to produce higher fluxrates, whilst maintaining the low pressure drops 
and TMP's observed in this work, this minimises droplet deformation through the 
filter pores. This would require an increase from the I % at current to approximately 
10 %. To achieve this would require a modification of the filter production process by 
the manufacturer. 
Analysis of filtration performance is hindered by the method in which the pore size 
distribution is determined for tubular filters. This uses the bubble point approach and 
is manual in operation. It is recommended that this be studied in order to produce an 
accurate distribution for deformation modelling. This would most likely involve 
automation of the bubble point process. 
A significant phenomenon identified during tubular filtration was that the wall shear 
can be used to identify the conditions that will produce fouling. This was seen to be 
related to both fluxrate and permeate size, however no exact relation was 
determinable. It is recommended that the wall shear effects be studied in depth to 
determine this relation, as this would allow conditions to be chosen which minimise 
fouling. 
The use of electrolytically produced bubbles has the potential to significantly improve 
filtration performance, both with and without the assistance of a helical insert. Due to 
the emulsion chemistry used in this work it was shown to be ineffective, however with 
a change in the surfactants used within the system it is likely that this would have 
significant benefits. Future work would require that the PV A surfactant be replaced 
by a highly charged ionic surfactant, with the zeta potentials of both oil and bubble 
studied to determine the optimum surfactant and concentration. 
Analysis of emulsion droplet deformation was restricted by the capabilities of the 
filtration cell. Experiments using high TMP's and large pore sizes were difficult to 
control and it was difficult to obtain satisfactory results. The rig also suffered from 
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pore plugging by the emulsion making small pore size filters difficult to analyse 
satisfactorily. Any future work requires that a precision made filtration cell be 
constructed with TMP controlled by a pressurised gas volume above the feed 
emulsion and with a suitable stirrer just above the surface of the filter to aid foulant 
removal from the filter surface. It is also sensible to conduct small scale research with 
a single pore and single drop to validate the models used and gain a more in depth 
knowledge of how the contact angle and interfacial tension control the behaviour of a 
deforming droplet. This work could be performed with a droplet of a few millimetres 
in diameter and a pore made of perspex with a high-speed video camera to record the 
deformation as it occurs. 
Studies into the dynamic situation of an emulsion approaching the filtration surface of 
the filter are also recommended to investigate how the emulsion homogeneity alters 
due to the presence of cross filter flows produced by the mixer. This will provide 
useful insights into the actual challenge emulsion that should be modelled for 
deformation purposes at the actual pore surface. 
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APPENDICES 
APPENDIX A 
APPENDIX A 
EMULSION DEFORMATION: MODELS & DERIVATIONS 
A.I. DEFORMATION MODELLING IN TUBULAR PORES 
The defonnation of droplets with tubular pores has been derived previously in 
Chapters 2 & 5, and is presented below in an abbreviated fonn only for comparison 
with the modelling in conical pores. 
The leading meniscus is partially within the tubular pore and contacts the wall at the 
equilibrium contact angle 9. Its volume can be described by Equation A.I whilst its 
curvature r* is described by Equation A.2. 
1[r *3 
V;,ad = -3-(2 - 3sin(9 - (3) +sin3(e - (3)) Equation A.I 
r 
r* = p 
cos(e-J3) 
Equation A.2 
The trailing meniscus is free on the surface of the upper side of the filter and its 
volume is described by Equation A.3. 
Equation A.3 
These two volume equations can be combined into a conservation of volume equation 
with the undefonned droplet diameter. This can be rearranged to give a simple 
expression for the trailing meniscus curvature which can then be inserted into the two 
meniscus Y oung-Laplace equation with the leading meniscus curvature given by 
Equation A.2. The resulting expression for critical pressure is Equation A.4. 
A-I 
=2ycos9 1_ ~ril 
rp 
2 + 3 cos 9 - cos' 9 
4(~:r cos'9-(2-3sin9+sin'9) 
A.1.1 Deformation Modelling In Conical Pores 
Equation A.4 
The behaviour of menisci in conical pores has been described earlier in Chapter 5 
where the nomenclature of Figure A.I was introduced for droplets possessing menisci 
fully within conical pores. The menisci on the surfaces of the filter obey the 
modelling equations defined previously, whilst modified equations are required for 
drops in pores. The meniscus curvature equations, depending on the orientation of the 
meniscus, are shown as Equation A.5 for upwards menisci and Equation A.6 for 
downwards menisci. 
13 
~ Normal side 1 
Reversed side 
Lower 
menISCUS 
Figure A.I: Effect of contact angle and conical shape on 
meniscus curvature. 
rx 
r =---"---
cos(9 + (3) 
rx 
r= ---"---
cos(9 - (3) 
Equation A.5 
Equation A.6 
A-2 
A.1.2 Model of the pore shape 
Some models of deformation through conical pores require an account to be made of 
the volume of the drop held within the pore but not as a meniscus. This is used in a 
conservation of vol ume expression to facilitate evaluation of menisci curvatures. The 
pore can be assumed to form part of a truncated cone with the geometry of Figure A2. 
It is assumed to have a depth of I, pore throat diameter of d, and an open pore 
diameter of d,. The diameter of the pore, d" at any depth from the throat x can be 
obtained through a similar triangle approach to give Equation A.7. The volume can 
then be calculated by solving a volume of revolution integral about the axis of the 
cone to give Equation A.8 with limiting pore depths of x, to x,. 
:.------1 
d 2 
Figure A2: Simplified diagram of a truncated conical pore. 
d = (d, -d,)x +d 
xI' 
Equation A 7 
[
(d, _d,)'X3 d.'x d,(d, -d,)x' ]X' ~o"e = 1t 2 + --+ --'-'--'._-'-'--
121 4 41 
x, 
Equation A8 
On a practical note this model is technically only valid for the Veco filter in its virgin 
condition and cannot be used for filters after surface modification to reduce pore size. 
As a result of the modifying operation the pore will have narrowed considerably, but 
also gained in depth with layers on the filters top and bottom surface. It is not 
practical to measure the effects of plating for each pore size by SEM photos, therefore 
A-3 
a modification to the conical pore equations has been determined to account for 
plating. 
Assuming that the plating is a linear process across all surfaces then the geometry 
resulting from this is in accordance with Figure A.3. The derivation of an expression 
for the pore dimensions after plating can be complex and account for the effects of the 
plating on the corners of the pore. However it is impossible to predict how the Nickel 
plating will occur at the corners of the pore so a simpler expression is indicated as this 
will most likely be sufficiently accurate. If the plating is to a thickness z and the 
resultant pore possesses a throat diameter of d,' then it is possible to determine the 
diameter of the open (lower) end of the pore, d;, and the resulting pore thickness, i, 
for any pore throat size. 
t' t 
Plating on 
filter surface 
d~T ______ ~ __ •. ~ __ ~ 
2 Plating on 
filter surface d~ _____ ~ ____ --l 
2 
Upper surface 
~6~i1iit\ Plating on 
!!! filter surface 
Plating on 
~~~ filter surface 
Lower surface 
Figure A3: Geometry resulting from the plating of a filter. 
The change in the pore throat diameter can be defined using the plating thickness as 
Equation A9 and corresponding the open pore diameter is as Equation A.IO. These 
two equations can be combined such that the plated open pore diameter is defined in 
terms of the unplated pore dimensions and the plated pore throat diameter, Equation 
All. 
Equation A 9 
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Equation A.I 0 
Equation A.II 
The pore depth after plating i can be calculated as the original pore thickness plus 
twice the plating depth, Equation A.12. Combining this with Equation A.9leads to an 
expression for pore depth as Equation A. 13. 
i = t +2z Equation A.12 
Equation A.13 
As a result of the surface modification the expression for the volume of a truncated 
cone, and the diameter at any pore depth, must be modified. The expressions to be 
used for all deformation models where some part of a drop exists within the pore are 
therefore Equation A.14 for the volume and Equation A.15 for the diameter at any 
pore depth. 
[(d .)2 3. .(..) ']X2 . _ ,-d, x d/x d, d,-d, x ~"'" -1t 12/' + 4 + 4/ 
x, 
Equation A.l4 
Equation A.15 
A.1.3 The stages of droplet deformation with conical pores 
The deformation of a droplet within a conical pore complicates the analysis of the 
position of critical pressure when compared to the tubular pores. In the tubular pore 
both the minimum leading meniscus radius and maximum trailing meniscus radius 
occur at the same position and so produce the critical pressure. This position is that of 
the droplet just impinging into the pore and contacting at 8. By analogy with this for 
normal conical pores it has been determined previously that this is also the critical 
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position. However for the reverse conical pores this cannot apply and a number of 
models need to be evaluated. 
A number of positions of droplets deforming through conical pores are shown in 
Figure A.4, below, where diagrams a-c represent a droplet passing through the pore 
from the throat to the open end and d-f represent the opposite case. A small number 
of other cases are not shown in the diagram, but are detailed in the accompanying text, 
as it is readily apparent that they will not produce a greater critical pressure. 
(a) Droplet just impinging 
on the pore throat. 
(d) Droplet entering the 
pore. 
(b) Droplet fully within 
the pore. 
i Flow 
(e) Droplet fully within 
the pore. 
(c) Droplet leaving the pore. 
i Flow 
(t) Droplet leaving the pore. 
Figure A.4: Stages in the deformation of an oil droplet as it 
passes upwards or downwards through a conical 
pore. 
The deformation stages shown above do not consider droplets larger than 45 Ilm and 
pore sizes smaller than I Ilm as these are of limited relevance in the work at hand. 
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a) Droplet impinging upon the pore throat in the normal orientation: This case 
occurs when the droplet has just contacted the filter surface and formed a 
meniscus in the pore throat. It is expected that this case will produce the highest 
critical pressure of the models a-c by analogy with the situation obtained for a 
cylindrical pore. There is a second stage to this model when the leading meniscus 
has moved and is within the pore. However this case would have a smaller critical 
pressure than when the meniscus is just impinging on the pore as its leading 
meniscus radius is larger and its trailing meniscus radius is smaller. The model of 
drop impingement on the pore is derived in Section A.A.2.1. 
b) Droplet fully contained within the filter and moving towards the pore opening in 
the normal orientation: The second stage of droplet deformation is when the 
droplet is fully contained within the pore. The interfacial pressures are likely to be 
considerably less than case Ca) however this may not necessarily be true as the 
effect of the pore shape acts to tighten the leading meniscus and flatten the trailing 
meniscus. This may overcome the fact that the pore diameter at the leading 
meniscus is significantly greater than that at the trailing meniscus. The critical 
pressure for this model is derived in Section A.A.2.2. 
c) Droplet passing through a normally oriented filter with a leading meniscus free of 
the pore and a trailing meniscus within the pore: This is the final case needed for 
droplet deformation downwards through the pore and exists when the leading 
meniscus has left the pore and is forming a free meniscus at the pore opening. It is 
apparent however that it is applicable only for large droplets and will produce a 
critical pressure considerably lower than case Ca) because of the substantially 
greater leading meniscus radius than for case Ca). Therefore this case is only of 
general interest and is presented as a single equation for critical pressure in 
Section A.A.2.3. 
d) Droplet partially within the pore and entering at the pore opening with the filter 
in the reverse orientation: This case occurs when a droplet is sufficiently large 
enough that when it impinges on the open end of the pore it forms a free trailing 
meniscus and a leading meniscus within the pore. The critical pressure of this 
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model will occur when the leading meniscus is at the pore throat and therefore at 
its smallest radius, however the effect of the pore shape on flattening the leading 
meniscus is likely to produce low pressures. The model for this is presented in 
brief in Section A.A.2.4. 
e) Droplet fully within the pore and moving towards the pore throat: At some point 
in the deformation of a droplet it will be contained fully within the limits of the 
pore. This is unlikely to produce the critical pressure due to the effect of the 
conical pore flattening the leading menisci and tightening the trailing menisci. Its 
model is described briefly in Section A.A.2.5. 
f) Droplet partially within the pore and leaving at the pore throat: This case will 
occur for all droplet sizes when they squeeze through the pore throat. It is readily 
apparent that the highest critical pressure will occur when the droplet has just 
formed a free meniscus outside of the pore with a radius equal to the minimum 
value. This occurs as the leading meniscus is at is smallest size, whilst the trailing 
meniscus is considerably larger. This case is modelled in full in Section A.A.2.6. 
A.2. DEFORMATION MODELS 
The following sections derive the models of deformation in conical pores. The 
derivations of menisci volumes is identical to that presented in the modelling of 
tubular pores and so will not be repeated. Six models, as described in the previous 
section, are detailed with the two of primary importance presented in depth. 
A.2.t Deformation calculations for a droplet impinging on the pore throat in the 
normal orientation 
This case occurs when a droplet is just impinging upon the throat of a pore, so that the 
leading meniscus is at its minimum radius and the trailing meniscus curvature is at its 
maximum. The case is analogous to that of the tubular pore model except with the 
corrections to account for the pore shape as the leading meniscus size is calculated 
using an effective angle of e-~ rather than e as before. Thus the new equation for this 
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radius is Equation A.16. Correspondingly the leading meniscus volume must also be 
modified by the same method which gives Equation A.17. The trailing meniscus 
volume, Equation A.18, is not affected by the pore inclination and is therefore the 
same equation as derived for the tubular pore. 
Figure A.S: Deformation ofa droplet as it impinges on the 
pore throat. 
r 
r* = p 
cos(8 -~) 
.3 
V;,ad = 1tr
3 
(2-3sin(8-~)+sin3(8-~») 
R'3 
v,roU =_1t -(2+3cos(8)-cos3(8») 
3 
Equation A.16 
Equation A.17 
Equation A.18 
A conservation of volume equation can be combined with the menisci volumes to give 
an expression for the trailing meniscus radius as Equation A.19, such that the critical 
pressure equation can be solved to give Equation A.20. 
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r3 
R*3 = p 
COS3(e-~) 
4( ~) COS3(e - ~)-( 2 -3sin(e - ~)+sin3(e- ~») 
2 + 3 cos(e) - cos3(e) 
Equation AI9 
Equation A20 
A.2.2 Deformation of a droplet fully contained within the pore and moving 
towards the pore opening in the normal orientation 
This model is important to consider as the effect of the cone angle will tighten the 
leading meniscus and flatten the trailing meniscus. The combination of these two may 
be such that a significant critical pressure may be produced. The model obeys the 
geometry of Figure A6 where the two menisci are dependent on the pore diameter at 
the depth from the pore throat. 
d; !.--'---~I 
~----; ,-----,--..-,,-,-
\~.x' 
'--__ ---1'-
r-----~I 
d~ 
Figure A.6: Deformation of a droplet when it fully fills the 
pore. 
The modelling of this situation is complicated as both the menisci can exist at some 
depth away from the pore throat and it is not necessarily true that the position of 
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critical position will exist with the trailing menisci at the pore throat where the pore 
diameters are minimised. Correspondingly a model has been developed for the 
critical pressure where the menisci can exist at any depth. This is composed of a 
complex equation from a conservation of volume calculation which relates x, to x" 
Equation A.21. This requires iteration to solve for one given a fixed value of the 
other. A second expression relates the critical pressure to these values of x, and x" 
Equation A.22. 
( (d~ -d;h .)3(2-3Sin(S+Jl)+Sin3(S+Jl)), 3 . +d, 3() -~2rd t cos S+Jl 
(
(d; -d;)x, .)3(2-3Sin(S-Jl)+Sin3(S-Jl)) 
+ . + d, ----'----,3'-"----,-'-'-'-
t cos (S-Jl) 
( . ')'(33) .(. ')(' ') 2 d, -d, x, -x,., 6d, d, -d, x, -x, 
+ ., +6d, (x, -xd+ . 0 
t t 
( 
2t' cos(8-/3) 
Pa " = 2y .. .. (d, -d,)x, +d,t 
2t' cos(8 + /3) ) 
(d; -d;h +d/ 
Equation A21 
Equation A.22 
A.2.3 Deformation of a Droplet passing through a normally oriented filter with 
a leading meniscus free of the pore and a trailing meniscus within the 
pore 
The third case for a droplet deforming through a normally oriented pore occurs when 
the droplets leading meniscus has left the pore, whilst the trailing meniscus is trapped 
at some depth x in the pore. This is shown in the geometry of Figure A 7 and is likely 
to be only relevant for the largest of drops or smallest of pores. The effect of this 
position on the critical pressure will be to produce low critical pressures as the leading 
meniscus needs to be large to span the open end of the pore. Modelling of this 
deformation can be conducted in a similar way to the tubular pore model where the 
equation for the trailing meniscus in the tubular model is the same as the equation for 
the leading meniscus in this model. A conservation of volume approach leads to the 
critical pressure expression Equation A.23. 
A-II 
!_ d; ~I 
,----~ .--------. --.-.-tx , 
t' 
Figure A.7: Deformation of a droplet as it leaves the pore. 
Equation A.23 
A.2.4 Deformation of a droplet after entering the pore of a reversed filter with a 
free trailing meniscus 
This case is the reverse of the previous model with the droplet passing up through the 
pore rather than downwards. It is held partially within the pore and possesses some 
volume outside of the pore as shown in the geometry of Figure A.8. The model has 
its highest critical pressure when the leading meniscus is at the throat, however this 
can only be relevant for the largest of drops or smallest of pores. The critical pressure 
expression derived for this model is Equation A.24. 
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Figure A.8: Defonnation of a droplet as it passes upwards 
through the pore, with significant volume outside 
of the pore. 
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Equation A.24 
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A.2.S Deformation of a droplet fully within the pore and moving towards the 
pore throat 
For a droplet entering the pore by way of the reverse side it is probable that the droplet 
will be able to fit entirely within the pore, due to the smallness of the drops to be 
considered. The geometry of this will be as shown in Figure A.9. Preliminary 
analysis of this model has indicated that the combination of the two menisci in the 
pore may result in significant interfacial pressure. However the effect of the cone on 
the shape of the two menisci may result in a critical position when the leading 
meniscus is away from the pore throat hence the model has been derived for both 
menisci positions away from the pore throat. 
A-I3 
Figure A.9: Defonnation of a droplet, fully within the pore, 
as it passes towards the pore throat. 
Using the conservation of volume method results in a complicated expressIOn, 
Equation A.25, that relates the menisci depths from the pore throat and must be solved 
iteratively from one depth given the value of the other. The critical pressure equation 
based on the depths is Equation A.26. 
Equation A.25 
( . ')(33) .(. ')(2 ') 3 d,-d, x,-x,., 6d,d,-d, x,-x, 
32rd + ., +6d, (x, -x,)+ . 
I I 
o 
( 
21' cos(e+~) 
~'iI = 2y (. .) .. d, -d, x, +d,1 
Equation A.26 
A.2.6 Deformation of a droplet partially within the pore and leaving at the pore 
throat 
This is the final stage in the defonnation of a droplet through a conical pore in the 
reversed direction. It occurs when the droplet has just squeezed through the filter 
throat and has a free meniscus on the filter surface. The geometry of this case is 
shown in Figure A.I O. 
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Figure A.I 0: Deformation of a droplet as it passes towards the 
pore throat. 
As stated previously the critical pressure occurs when the leading meniscus size is 
minimised and the trailing menisci size is maximised. For this model these occur 
simultaneously when the leading meniscus has just formed. The minimum leading 
meniscus size can be determined from a consideration of the geometry of the leading 
meniscus when it contacts at the angle e and with a base diameter equal to the pore 
size. This is defined by Equation A.27. The trailing meniscus curvature is expressed 
as defined for a meniscus in a conical pore by Equation A.28, whilst the volumes of 
the two menisci are described by Equation A.29 and Equation A.30. The volume of a 
partially filled truncated cone is as Equation A.31 
* =~ r min 
sine 
R* = d, 
2cos(8 -~) 
llr *3 
V,cad = -(2 + 3 cos(8)-cos3(8)) 
3 
Equation A.27 
Equation A.28 
Equation A.29 
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Equation A.30 
Equation A. 31 
From these equations a conservation of volume expression can be derived to give 
Equation A.32. This can then be simplified by the insertion of the equation for the 
diameter at any point in the pore which gives a complex expression that can be solved 
iteratively for the meniscus depth, Equation A.33. This value can then be used in the 
critical pressure equation, Equation A.34. 
d}(2 - 3sin(0 -~) +sin3(0 - ~)J + d3(2 + 3 cos(O}- cos3(O)) 
COS3(0-~) p sin (0) Equation A.32 
3 2(d; -d;)'x3 ., 6d;(d; -d;)x' _ 
-32rd + " +6d1 x+ , -0 t t 
( ( d, - d,) .)3(2 - 3sin(8 -(3) + sin
3(e -(3)) 3(2 + 3 cos(e) - COS3(8)) 
-'--=-" ----'..L x + d1 3 + 8r 3 
I cos (e-l3) P sin (e) EquationA.33 
Equation A.34 
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A.3. DERIVATION OF THE MODIFIED CRITICAL PRESSURE 
A.3.1 Derivation of the trailing meniscus curvature 
For cases when the trailing meniscus does not contact at the equilibrium contact angle 
a correction can be made to the model of critical pressure. This involves a derivation 
of the trailing meniscus volume without any relation to the apparent contact angle. 
The following section performs this derivation and then shows the derivation of its 
critical pressure equation. 
/ , 
;1< ___ 2-,rp'--~>t~ 
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R* 
Figure A.ll: Geometry of the trailing 
meniscus, wholly external to the pore. 
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Figure A.12: Geometry of the trailing 
meniscus. 
The geometry of this model correction is identical to that derived earlier for the 
trailing meniscus contacting at the angle e and the derivation is conducted in a very 
similar way. The meniscus can be considered to be a cap of a sphere with an element 
described by width y, height dh and vertical position h from the centre of the sphere. 
The volume of revolution about the vertical axis can be described by Equation A.35 
with limits of -R* to h. 
h 
V,roil = f 7t/ dh Equation A.35 
-R' 
The elements position can be described by Pythagoras, Equation A.36, relating y to h 
and R*. We can also describe the integral limit of y by a further Pythagoras equation 
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relating y to R* and rp, Equation A.37. Substitution of these two equations into the 
volume of revolution integral leads to Equation A.38. 
R*'=y'+h' 
R*'=y'+r' p 
JR,l-r; 
V,roH = f 1t( R *' -h' )dh 
-R' 
Equation A.36 
Equation A.37 
Equation A.38 
This integral can now be solved algebraically to give the result shown in Equation 
A.39. Substitution of the integral limits and rearrangement produces Equation A.40. 
1 JR,2_ r; 
V,mil = [1tR*' y--1t/] 
3 -R' 
Equation A.39 
V _2 R*'(R*' ,)Y, I '(R*' ,)Y, 2 R*3 . --1t -r +-1tr -r +-1t 
"""3 P 3 P P 3 
Equation A.40 
A.3.2 Derivation of the critical pressure 
The derivation of the critical pressure for the tubular pores and normally oriented 
conical pores is essentially identical. Therefore only the nonmally oriented cone is 
shown in full, with the tubular pore model shown as a critical pressure equation only. 
The volume of the leading meniscus, Equation A.4I, is identical to that derived 
previously as we are assuming that the leading meniscus always contacts at e. This is 
also true for the curvature of the leading meniscus, Equation A.42. 
Equation A.41 
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r 
r* = p 
cos(e-p) 
Equation A.42 
A conservation of volume can now be formed with the undeformed drop radius, r d, the 
leading meniscus curvature, Equation A.42, the leading meniscus volume, Equation 
A.41 and the trailing meniscus volume, Equation A.40. This leads to the complex 
expression shown in Equation A.43. This can be solved iteratively for the trailing 
meniscus curvature R* . 
*3 2 
1tr
3 
(2-3sin(e-P)+sin3(e-p))+"31tR*' (R*' -r:) 
Equation A.43 
+'!'1tr2(R*2 _r2)+~1tR*3 -~1trJ =0 3 P P 3 3 
The fundamental critical pressure equation remains as before, Equation A.44, and can 
be simplified by the insertion of the expression for the leading meniscus curvature, 
Equation A.42. The resulting expression is Equation A.45. 
( I 1 ) P -2 ---cri,- Y r* R* 
Equation A.44 
P . = 2 (cose __ I ) 
cm Y R* 
rp 
Equation A.4 5 
The model for the critical pressure of tubular pores requires a slight change to 
Equation A.43 by the removal of p. This produces a model described by Equation 
A.46 where the critical pressure is still defined by Equation A.45. 
Equation A.46 
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A.4. EV ALUA nON OF DROPLET DEFORMA nON MODELS 
The modelling of droplet deformation through a tubular pore requires only one model 
to be considered, that of a droplet just impinging upon the pore throat. This is the 
position of the critical pressure and therefore the limiting case for droplet passage 
through the pore. If we were to alter the shape of the pore to that of a truncated cone 
then this may not necessarily be the model that produces the critical pressure. 
Therefore a number of models for droplet position and orientation within and outside 
of the pore must be evaluated. The models performed are those indicated in Section 
A.1.3 and are separated into deformation with the pore in the normal orientation, and 
reversed orientation. 
A.4.1 Conical pore filter in the normal orientation 
The deformation of droplets impinging on the pore throat and then passing through 
the conical pore to the open side of the filter can be separated into three relevant 
models. These are a droplet just impinging on the pore throat, a droplet fully 
contained within the pore and a droplet leaving the pore opening. The geometry of 
these models is detailed in Figure A.13 with derivations of the models in Section 
A.A.2. 
! Flow 
Flow 
(a) Droplet just impinging 
on the pore throat. 
(b) Droplet fully within 
the pore. 
(c) Droplet leaving the pore. 
Figure A.13: Deformation of droplets through a normally 
oriented conical pore. 
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The critical pressure for the deformation of a droplet just impinging on the pore throat 
is analogous to that of the tubular pore and was derived earlier as Equation A.4 7. This 
can be represented graphically for varying pore diameters and for various challenge 
emulsion droplet diameters by Figure A.14. Examination of this indicates that for a 
six micron pore with a challenge droplet of twenty microns the critical pressure is 
approximately 2200 Pascals. 
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Figure A.14: Effect of droplet diameter (dd in flm) on critical 
pressure for a droplet impinging on the pore 
throat in the normal orientation. 
The situation of a droplet fully contained within the pore is somewhat more 
complicated than that of the previous case by the need to include terms for meniscus 
depth within the pore. As a result of this the critical pressure equation, Equation 
A.48, has to be expressed with the menisci depths such that it can only be solved by 
iterating Equation A.49 for the leading meniscus depth, x" for a given trailing 
meniscus depth, x I. 
A-2l 
( 
2t' cos(e-~) 
Pen, = 2y (' ') , , d1-d, x1+d,t 
2t' cos(e + ~) ) 
(d1 -d,h +d/ Equation A.48 
Equation A.49 
These two equations can be combined and expressed graphically as trailing meniscus 
depth versus critical pressure for given drop and pore sizes, A typical example is 
shown in Figure A, IS for a 6 f.lm pore diameter. The resulting critical pressure is 
significant but is typically much less than that observed for the impingement of a drop 
on the pore throat model. The critical pressure for a 20 f.lm drop and 6f.lm pore is 750 
Pa and it is worth noting that for the three largest drops the highest critical pressure is 
at some position within the pore and not at the pore throat as would be expected, and 
indeed occurs for the 10 f.lm drop, 
The third case necessary to evaluate for the deformation of a droplet thorough a 
normally oriented pore is when the droplet is exiting the open end of the pore, It is 
readily apparent that this case is only applicable when a large droplet is present as the 
diameter of the open end of the pore is considerable. Calculations with a 6 f.lm pore 
throat size have shown that the smallest droplet that is applicable is 120 f.lm, The 
results of the modelling equation, Equation A,50, for droplets of 120 f.lm and up is 
shown in Figure A,16, The typical critical pressures are more than 10 times less than 
for the case outlined in the droplet impingement model with a 20 f.lm droplet. It is 
therefore apparent that this model will never be the critical case and can be ignored for 
deformation purposes, 
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Figure A.15: Critical pressure for deforming droplets fuBy 
contained within a 6 Ilm pore oriented normally 
where dd is the droplet diameter in Ilm. 
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From these three analyses of droplet deformation in normally oriented pores it is 
apparent that the maximum critical pressure occurs when the droplet is just impinging 
upon the throat of the pore, This is identical to that of a tubular pore. The modelling 
of these three cases indicate that if a trans-membrane pressure is applied to a droplet 
that is greater than the highest critical pressure then the droplet will deform through 
the pore throat and then pass straight through the pore. It will not plug the inside of 
the pore as the critical pressure for the droplet within the pore is considerably less than 
for the pore throat deformation. 
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Figure A.16: Critical pressure for deforming very large 
droplets as they exit a 6 Ilm conical pore oriented 
normally. (Droplet diameter, dd, is in Ilm). 
A.4.2 Conical pore filter in the reverse orientation 
The deformation of droplets when using the filter in the reverse orientation can be 
separated into three relevant models, illustrated in Figure A.17. These are a droplet 
just entering the open pore, a droplet contained completely within the pore and a 
droplet leaving the pore through the throat. 
The model for a droplet entering at the open end of the pore perhaps unsurprisingly 
produces the largest critical pressure when the leading meniscus is at the pore throat. 
It is at this point when the leading meniscus is at its smallest value. However as the 
model requires drops to completely fill the pore then the droplet diameter needed to 
make the model work is likely to be somewhat large. The model for the leading 
meniscus at the throat can be described by Equation A.SI. 
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(d) Droplet entering the 
pore. 
(e) Droplet fully within 
the pore. 
(I) Droplet leaving the pore. 
Figure A17: Defonnation of droplets through a nonnally 
oriented conical pore. 
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Equation A51 
Results of this model are shown in Figure A.IS for varymg pore and droplet 
diameters. The critical pressures determined are not particularly large except for very 
small pore sizes with very large challenge drops. Typically a 120 !-lm drop is needed 
with a 6 !-lm pore throat to produce a critical pressure. However at 20 Pa this is 
insigni ficant. 
The second model is that of a droplet contained fully within the pore. Its critical 
pressure position occurs when the leading meniscus is at the pore throat, so this is the 
case that will be considered. The critical pressure for the model can be derived as 
Equation A52 where the pore depth of the trailing meniscus is detennined from an 
iteration of Equation A53. 
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Equation A.52 
,(2-3Sin(o+p)+Sin'(O+p») 2(d; -d;)' X;.2 , 
8rp l() + '2 +6d] X 2 - 32rd 
cos O+P t Equation A.53 
((d; -4 .)'(2-3Sin(O-p)+sin'(O-p») 6d;(d; -4; + ,+d[ ) +. I cos (O-P) I o 
This model is not plotted as the typical critical pressure derived from this model is 
negative with the leading meniscus radius being greater than the trailing meniscus, 
even though the pore diameter of the leading meniscus is smaller than the trailing 
meniscus. This is due to the menisci radii being affected to a large degree by thc pore 
shape. The angled sides of the pore act to flatten the leading meniscus and tighten the 
trailing meniscus, with the result of making the critical pressure negative. This 
negative value infers that a droplet will pass straight through the pore until it reaches 
the pore throat where the last model in this section takes over. 
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The final model considered is that of a droplet leaving the pore through the throat. 
For this model the smallest leading meniscus occurs when the meniscus has just 
formed on the surface of the filter, so this is the case of highest critical pressure and 
will be the model used. The equation that describes the model when the rear of the 
droplet is contained within the pore is Equation A.54 with the pore depth of the 
trailing meniscus calculated from Equation A.55. 
Equation A.54 
(( d; ~ d;) x + d;)3(2 -3sin(8 - p) + sin 3 (8 - P)) + 8r3(2 + 3cos(8) - COS 3(8)) t cos3 (8-P) P sin 3(8) Equation A.55 
The results of this model is plotted graphically in Figure A.19 for varying pore sizes 
and droplet diameters of 10 to 40 f!m. For a 20 f!m droplet and 6 f!m pore the critical 
pressure is 1800 Pa. 
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Figure A.19: Critical pressure for droplets with the minimum 
leading meniscus curvature where dd is the 
challenge droplet diameter in f!m. 
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From the analyses of the models for reverse orientation deformation it is readily 
apparent that the highest critical pressure occurs for the last case discussed, that of the 
droplet just leaving the pore with a radius at the minimum dimension. This situation 
implies that for a trans-membrane pressure just below the critical pressure of this 
model, then the droplet will be able to enter the pore and travel to the pore throat. It 
will then not be able to push through the pore throat and so will essentially pi ug the 
pore until a pressure is applied to deform it through or backflush it from the pore. 
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APPENDIXB 
APPENDIXB 
EXPERIMENTAL DATA: FLAT SHEET FILTRATION 
B.1. PRESENTATION OF DATA 
Experimentation with flat sheet filters is presented in this Appendix with individual 
sections for each filter. Within these sections the data is split into a table that contains 
numerical evaluations of all of the individual tests, and in graphical form using three 
figures for each of the four emulsion feed sizes. These figures are: Behaviour of flux 
and stream turbidities with filtration time; Calculated filtration resistance and 
emulsion rejection with time; Stream emulsion size distributions. 
A typical experimental run is illustrated in Figure B.I as the permeate and retentate 
turbidities produced for variations in permeate flux. This series of experiments 
consists of a single pass of an emulsion through the filter with four separate fluxrates 
of typically 200, 500, 700 & 200 I m·' h· l , with the change between each indicated by 
the presence of an arrow. During each of the four flux rates a permeate sample, P, is 
typically collected and labelled with a number representing the order of the flux. For 
example the third fluxrate, 500 LMH, would produce a sample labelled P-3. A single 
representative feed sample is taken from the feed tank at the start of filtration . 
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Figure B.I: Typical experimental results of flux and turbidity. 
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B.2. BEKAERT: SINTERED DEPTH FILTER 
B.2.1 Experimental Results 
Flux 
(I m·l h·') 
214 
449 
689 
207 
206 
396 
656 
205 
187 
467 
696 
204 
202 
480 
691 
204 
Table 8.1: Experimental results for filtration with Bekaert 
material. 
TMP Filtration Oil rejection Permeate 
(Pa) resistance (%) size 
(m·') (J-lm) 
1,674 2.82 x 10'0 9355 
5,121 4.11 x 10" 94.08 
5,121 2.68 x 10'0 94.49 
3,397 5.92 x 10'0 96.45 
3,397 5.94 x 10'0 96.31 6.06 
5,983 5.47 x 10'0 96.73 6.12 
9,947 5.45 x 10'0 9658 5.80 
6,557 1.16xI0" 96.43 5.86 
8,137 1.57 x 10" 94.35 
18,910 1.48 x 10" 93.27 2.97 
23,737 1.23 x 10" 93.26 252 
15,463 2.73 x 10" 94.56 2.98 
27,184 4.91 x 10" 93.98 2.99 
41,318 3.IOx 10" 90.61 
46,834 2.44 x 10" 72.60 2.51 
35,458 6.29 x 10" 90.18 1.60 
Retentate 
size 
(J-lm) 
12.13 
13.45 
4.66 
3.58 
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B.2.2 Test emulsion #1 
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Figure B.2: Experimental results of permeate flux and 
stream turbidities for filtration using Bekaert 
and emulsion # I. 
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Figure 8.3: Experimental results of filtration resistance and 
rejection for filtration using Bekaert and 
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8-23 Test emulsion #2 
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Figure 8.5: Experimental results of permeate flux and 
stream turbidities for filtration using Bekaert 
and emulsion # 2. 
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Figure 8.6: Experimental results of filtration resistance and 
rejection for filtration using Bekaert and 
emulsion # 2. 
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Figure B.7: Emulsion size distributions for filtration using 
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B.2.4 Test emulsion #3 
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Figure 8.8: Experimental results of permeate flux and 
stream turbidities for filtration using 8ekaert 
and emulsion # 3. 
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Figure 8.9: Experimental results of filtration resistance and 
rejection for filtration using 8ekaert and 
emulsion # 3. 
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Figure B.l1: Experimental results of permeate flux and 
stream turbidities for filtration using Bekaert 
and emulsion # 4. 
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Figure B.12: Experimental results of filtration resistance and 
rejection for filtration using Bekaert and 
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Figure B.13: Emulsion size distributions for filtration using 
Bekaert and emulsion # 4. 
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B.3. VECO FILTER: PERFORATED SURFACE FILTER 
8.3.1 Experimental results 
Table 8.2: Experimental results for filtration with Veco material. 
Flux TMP Filtration Oil rejection Penneate Retentate 
(I m" h'l) (Pa) resistance (%) size size 
(m'l) (Ilm) (Ilm) 
218 1,673 2.77 x 1011 82.96 2.94 9.19 
440 1,673 1.38 x 1010 66.16 3.09 
673 1,673 9.25 x 10' 58.10 3.08 
266 8,568 1.17 x 1011 84.83 3.70 6.91 
463 12,016 9.40 x 1010 84.27 3.32 
739 12,016 5.86 x 1010 81.67 5.21 
256 12,016 1.70 x 1011 82.14 3.15 
295 18,910 2.36 x 1011 83.13 3.27 5.61 
440 18,910 1.56 x 1011 76.81 3.21 
645 18,910 1.06 x 1011 72.19 3.19 
183 5,121 1.01 x 1011 65.48 
185 9,307 1.81 x 1011 59.16 3.89 
704 10,292 5.31 x 1010 19.95 2.94 
213 10,292 1.75 x 1011 43.74 
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B.3.2 Test emulsion #1 
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Figure B.14: Experimental results of permeate flux and 
stream turbidities for filtration using Veco and 
emulsion # I. 
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Figure B .15: Experimental results of filtration resistance and 
rejection for filtration using Veco and 
emulsion # I. 
o 
~ 
~ 
~ 
B-IO 
c 
.~ 
1:: 
" .::
" E
= 
"0 
>-
0.25· 
Filter:- VECO 
--- P-I 
Emulsion:-- # I 
--P-2 
0.2· 
---P-3 
-K- Retentate 
0.15 
0.1 . 
0.05 
O. 
0.1 10 100 1000 
Oil droplet diameter (J,.lm) 
Figure B.16: Emulsion size distributions for filtration using 
Veco and emulsion # I. 
B.3.3 Test emulsion #2 
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Figure B.17: Experimental results of permeate flux and 
stream turbidities for filtration using Veco and 
emulsion # 2. 
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Figure 8.18: Experimental results of filtration resistance 
and rejection for filtration using Veco and 
emulsion # 2. 
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Figure 8.19: Emulsion size distributions for filtration using 
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B.3.4 Test emulsion #3 
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Figure B.20: Experimental results of permeate flux and 
stream turbidities for filtration using Veco and 
emulsion # 3. 
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Figure B.21: Experimental results of filtration resistance 
and rejection for filtration using Veco and 
emulsion # 3. 
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Figure 8.22: Emulsion size distributions for filtration using 
Veco and emulsion # 3. 
8.3.5 Test emulsion #4 
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Figure B.23: Experimental results of permeate flux and 
stream turbidities for filtration using Veco and 
emulsion # 4. 
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Figure 8.24: Experimental results of filtration resistance 
and rejection for filtration using Veco and 
emulsion # 4. 
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Figure 8.25: Emulsion size distributions for filtration using 
Veco and emulsion # 4. 
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B.4. BOPP 325: TWILLED DUTCH WEAVE 
B.4.1 Experimental results 
Table B.3: Experimental results for filtration with BOPP 325 
material. 
Flux TMP Filtration Oil rejection Permeate Retentate 
(I m" h") (Pa) resistance (%) size Size 
(m") (J.lm) (J.lm) 
195 5,121 9.60 x 1010 82.09 2.89 12.60 
389 10,292 9.54 x 1010 72.58 2.82 
672 10,292 5.52 x 1010 60.05 3.09 
190 5,121 9.88 x 1010 66.18 2.57 
187 13,739 2.65 x 10" 74.38 2.78 4.66 
419 13,739 1.18 x 10" 66.27 2.71 
716 13,739 6.91 x 10'0 63.31 2.90 
188 13,739 2.63 x 10" 69.72 2.68 
200 13,739 2.48 x 10" 69.63 2.73 3.58 
448 13,739 1.12 x 10" 61.55 
707 13,739 7.01 x 10'0 52.00 2.84 
195 13,739 2.55 x 10" 63.32 2.78 
156 17,187 4.27 x 10" 71.41 2.90 3.30 
380 17,187 1.79 x 10" 55.52 
691 18,910 9.94 x 10'0 35.21 2.83 
199 18,910 3.46 x 10" 46.57 
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B.4.2 Test emulsion #1 
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Figure B.26: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
325 and emulsion # 1. 
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Figure 8.27: Experimental results of filtration resistance 
and rejection for filtration using BOPP 325 
and emulsion # I. 
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Figure B.28: Emulsion size distributions for filtration using 
BOPP 325 and emulsion # 1. 
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Figure B.29: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
325 and emulsion # 2. 
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Figure B.30: Experimental results of filtration resistance 
and rejection for filtration using BOPP 325 
and emulsion # 2. 
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Figure B.31: Emulsion size distributions for filtration using 
BOPP 325 and emulsion # 2. 
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B.4.4 Test emulsion #3 
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Figure B.32: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
325 and emulsion # 3. 
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Figure B.33: Experimental results of filtration resistance 
and rejection for filtration using BOPP 325 
and emulsion # 3. 
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Figure B.34: Emulsion size distributions for filtration using 
BOPP 325 and emulsion # 3. 
B.4.S Test emulsion #4 
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Figure 8.35: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
325 and emulsion # 4. 
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Figure 8.36: Experimental results of filtration resistance 
and rejection for filtration using 80PP 325 
and emulsion # 4. 
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Figure 8.37: Emulsion size distributions for filtration using 
80PP 325 and emulsion # 4. 
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8.5. 80PP 200: TWILLED DUTCH WEAVE 
8.5.1 Experimental results 
Table B.4: Experimental results for filtration with BOPP 200 
material. 
Flux TMP Filtration Oil rejection Permeate Retentate 
(I m-2 h- I) (Pa) resistance (%) size size 
(m-I) (ftm) (ftm) 
202 6,844 1.24 x lOll 65-1 I 8_66 10_26 
372 8,322 8.71 x lOll 45.26 6.00 
645 12,016 6.71 x 1011 18.66 7.16 
195 6,844 1.27 x lOll 25.29 6.32 
214 15,463 2.61 x lOll 38.16 4.29 4.43 
412 17,187 1.50 x lOll 41.97 4.59 
584 17,187 1.13 x lOll 38.02 3.98 
220 15,463 2.59 x 1011 40.32 
221 8,568 1.42 x lOll 25.11 4.00 
424 8,568 7.30 x 1010 30.84 3.71 
708 8,568 4.36 x 1010 32.58 3.52 
224 8,568 1.38 x lOll 29.57 3.83 
175 18,910 3.91 x lOll 16.61 3.31 3.37 
359 17,187 1.72 x lOll 16.16 
632 22,358 1.28 x lOll 22.96 3.20 
187 22,358 4.30x lOll 27.29 3.11 
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8.5.2 Test emulsion #1 
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Figure 8.38: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
200 and emulsion # I. 
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Figure B.39: Experimental results of filtration resistance 
and rejection for filtration using BOPP 200 
and emulsion # I. 
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Figure B.40: Emulsion size distributions for filtration using 
BOPP 200 and emulsion # 1. 
B.S.3 Test emulsion #2 
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Figure B.4I: Experimental results ofpenneate flux and 
stream turbidities for filtration using BOPP 
200 and emulsion # 2. 
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Figure B.42: Experimental results of filtration resistance 
and rejection for filtration using BOPP 200 
and emulsion # 2. 
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Figure B.43: Emulsion size distributions for filtration using 
BOPP 200 and emulsion # 2. 
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B.S.4 Test emulsion #3 
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Figure B.44: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
200 and emulsion # 3. 
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Figure B.45: Experimental results of filtration resistance 
and rejection for filtration using BOPP 200 
and emulsion # 3. 
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Figure B.46: Emulsion size distributions for filtration using 
BOPP 200 and emulsion # 3. 
B.S.5 Test emulsion #4 
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Figure B.47: Experimental results of permeate flux and 
stream turbidities for filtration using BOPP 
200 and emulsion # 4. 
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Figure B.48: Experimental results of filtration resistance 
and rejection for filtration using BOPP 200 
and emulsion # 4. 
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Figure B.49: Emulsion size distributions for filtration using 
BOPP 200 and emulsion # 4. 
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B.6. BET AMESH: PLAIN DUTCH WEA YE 
B.6.1 Experimental results 
Flux 
(I m·' h· l) 
202 
411 
666 
171 
172 
396 
603 
199 
206 
488 
749 
219 
223 
443 
739 
215 
Table B.5: Experimental results for filtration with Betamesh 
material. 
TMP Filtration Oil rejection Permeate 
(Pa) resistance (%) size 
(m· l) (Ilm) 
1,673 2.99 x 1010 67.32 5.23 
3,397 2.98 x 1010 33.18 7.01 
3,397 1.84 x 1010 23.95 8.23 
5,121 1.08 x lOll 41.44 5.93 
5,121 1.07 x lOll 22.44 4.52 
6,844 6.27 x 1010 19.69 
8,568 6.83 x 1010 23.03 4.66 
5,121 9.32 x 1010 21.76 4.36 
6,844 1.20 x lOll 21.83 3.89 
8,568 6.33 x 1010 20.30 4.07 
13,739 6.61 x 1010 12.73 3.64 
6,844 1.13 x 1011 22.46 4.46 
3,397 5.49 x 1010 31.81 3.69 
8,568 6.99 x 1010 21.31 
8,568 4.17 x 1010 17.25 
10,292 1.73 x lOll 26.89 
Retentate 
sIze 
(Ilm) 
8.64 
5.24 
4.53 
3.82 
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B.6.2 Test emulsion #1 
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Figure 8.50: Experimental results of permeate flux and 
stream turbidities for filtration using Betamesh 
and emulsion # I. 
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Figure 8.51: Experimental results of filtration resistance 
and rejection for filtration using Betamesh and 
emulsion # I. 
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Figure 8.52: Emulsion size distributions for filtration using 
Betamesh and emulsion # I. 
B.6.3 Test emulsion #2 
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Figure 8.53: Experimental results of permeate flux and 
stream turbidities for filtration using Betamesh 
and emulsion # 2. 
B-32 
~ 
E 
~ 
~ 
c 
!! 
~ 
.;;; 
~ 
~ 
c 
.~ 
= 
.: ;: 
<i 
"0 
f-
c 
2.0E+II 100% 
1.8E+II . --- Resistance 
1.6E+II . 
__ Rejection 
80% 
1.4E+II 
I.2E+ll . 60% 
1.0E+lI . 
8.0E+1O ··40% 
6.0E+1O . 
4.0E+IO· 20% 
i i 2.0E+IO i O.OE+OO '. .- 0% 
0 20 40 60 80 100 120 140 
Filtration time (mins) 
Figure B.S4: Experimental results of filtration resistance 
and rejection for filtration using Betamesh and 
emulsion # 2. 
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Figure B.SS: Emulsion size distributions for filtration using 
Betamesh and emulsion # 2. 
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B.6.4 Test emulsion #3 
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Figure 8.56: Experimental results of permeate flux and 
stream turbidities for filtration using 8etamesh 
and emulsion # 3. 
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Figure 8.57: Experimental results of filtration resistance 
and rejection for filtration using Betamesh and 
emulsion # 3. 
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Figure 8.58: Emulsion size distributions for filtration using 
Betamesh and emulsion # 3. 
B.6.5 Test emulsion #4 
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Figure 8.59: Experimental results of permeate flux and 
stream turbidities for filtration using Betamesh 
and emulsion # 4. 
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Figure B.60: Experimental results of filtration resistance 
and rejection for filtration using Betamesh and 
emulsion # 4. 
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Figure B.61: Emulsion size distributions for filtration using 
Betamesh and emulsion # 4. 
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B.7. ROBUSTA: PLAIN DUTCH WEAVE 
8.7.1 Experimental results 
Flux 
(I m-' h-') 
204 
459 
672 
281 
215 
424 
592 
201 
211 
498 
743 
196 
205 
467 
738 
190 
Table 8.6: Experimental results for filtration with Robusta 
material. 
TMP Filtration Oil rejection Permeate 
(Pa) resistance (%) sIze 
(m-') (/-lm) 
1673 2.96 x 1010 75.28 5.45 
3397 2.68 x 10'0 69.49 
3397 1.82 x 1010 50.42 4.56 
3397 5.32 x 10'0 68.22 3.23 
1673 2.80 x 10'0 60.34 3.88 
3397 2.89 x 10'0 44.16 4.46 
1919 1.64 x 10'0 42.49 3.89 
3397 6.10 x 10'0 51.65 3.48 
1673 2.86 x 10'0 30.35 3.86 
1673 1.21 x 1010 24.65 3.81 
3397 1.65 x 1010 23.12 3.50 
3397 6.24 x 1010 30.32 3.43 
5121 8.98 x 10'0 11.09 2.94 
5121 3.95 x 1010 6.43 3.02 
3397 1.66 x 1010 3.48 2.99 
3397 6.43 x 1010 11.59 2.95 
Retentate 
size 
(/-lm) 
10.21 
5.66 
4.80 
3.10 
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B.7.2 Test emulsion #1 
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Figure 8.62: Experimental results of permeate flux and 
stream turbidities for filtration using Robusta 
and emulsion # l. 
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Figure 8.65: Experimental results of permeate flux and 
stream turbidities for filtration using Robusta 
and emulsion # 2. 
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and rejection for filtration using Robusta and 
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Figure 8.67: Emulsion size distributions for filtration using 
Robusta and emulsion # 2. 
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B.7.4 Test emulsion #3 
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Figure 8.68: Experimental results of permeate flux and 
stream turbidities for filtration using Robusta 
and emulsion # 3 . 
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Figure 8.69: Experimental results of filtration resistance 
and rejection for filtration using Robusta and 
emulsion # 3. 
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Robusta and emulsion # 3. 
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Figure B. 71: Experimental results of permeate flux and 
stream turbidities for filtration using Robusta 
and emulsion # 4. 
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Figure B. 73: Emulsion size distributions for filtration using 
Robusta and emulsion # 4. 
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B.8. UNITED WIRE WOVEN SQUARE MESH 
B.8.1 Experimental results 
Table B.7: Experimental results for filtration with United wire 
material. 
Flux TMP Filtration Oil rejection Permeate Retentate 
(I m·2 h·') (Pa) resistance (%) size Size 
(m·') (flm) (flm) 
195 2,248 4.12 x 10'0 60.61 10.11 
490 3,397 2.50 x 10'0 18.88 6.41 
695 8,568 4.44 x 10'0 12.05 8.91 
196 1,673 3.07 x 10'0 51.58 7.85 
214 1,099 1.80 x 10'0 9.47 3.98 5.98 
453 3,397 2.71 x 1010 5.82 
740 8,568 4.17x1OIO 5.27 5.12 
190 5,121 9.72 x 10'0 14.55 5.08 
204 8,855 1.56 x 10" 18.71 3.61 4.06 
471 13,739 1.05 x 10" 19.59 3.80 
668 14,084 7.60 x 10'0 20.41 3.77 
204 12,016 2.13 x 10" 23.67 4.50 
200 1,673 3.02 x 10'0 17.07 3.12 2.96 
474 3,397 2.59 x 1010 8.24 3.13 
688 11,671 6.11 x 10'0 6.18 3.06 
202 9,602 I. 73x 10" 12.06 3.06 
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B.8.2 Test emulsion #1 
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Figure 8.74: Experimental results of permeate flux and 
stream turbidities for filtration using United 
wire and emulsion # I. 
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Figure 8.77: Experimental results of permeate flux and 
stream turbidities for filtration using United 
wire and emulsion # 2. 
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Figure B. 78: Experimental results of filtration resistance 
and rejection for filtration using United wire 
and emulsion # 2. 
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8.8.4 Test emulsion #3 
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Figure 8.80: Experimental results of permeate flux and 
stream turbidities for filtration using United 
wire and emulsion # 3. 
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8.8.5 Test emulsion #4 
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Figure B.83: Experimental results of permeate flux and 
stream turbidities for filtration using United 
wire and emulsion # 4. 
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Figure 8.84: Experimental results of filtration resistance 
and rejection for filtration using United wire 
and emulsion # 4. 
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APPENDIXC 
APPENDIXC 
EMULSION FILTRATION: TUBULAR FILTRATION 
EXPERIMENTAL DATA 
C.l. INTRODUCTION 
This appendix contains experimental data for filtration with tubular filters. It is split 
into six sections with evaluations of an unmodified filter, evaluations of normal and 
reversed orientation of the filter material, evaluations of a single filter with a wide 
selection of operation conditions, evaluation of air backflushing and lastly evaluation 
of electrolytic bubble generation as a filtration enhancement. 
The data is presented in a similar manner for all experiments using a number of tables 
and graphs. Within each section a series of filtration experiments will be detailed 
with two tables for the fluid hydrodynamics and the experimental results. The 
experiments are then typically compared in a series of graphs of permeate sizes and 
grade efficiencies, with freque~tly all experiments compiled in a single graph. Lastly 
each experiment is detailed by a graph of permeate flux rate and filtration resistance 
with elapsed experiment time. 
Typically a filtration test will consist a single flux decay experiment. If fouling 
occurs then the filter is allowed to self-clean and the test is repeated at identical 
conditions. This is then followed by a backflushing test, which usually requires some 
time to obtain suitable conditions. Permeate samples are only taken of the first flux 
decay test and the backflush test and the exact times of the sampling is recorded on 
the graphs of experimental time versus fluxrate and filtration resistance. 
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C.2. FILTRA nON USING AN UNMODIFIED NICKEL VECO FILTER 
C.2.1 Experimental Results And Conditions 
Evaluations of the unmodified Nickel Veco tubular filter are presented within this 
section. The work consists of six experiments. Once each with the five inserts 
configurations and once with a 100 ppm silica feed suspension and no insert. The 
emulsion experiments were all performed within a single pass of the feed emulsion 
which was evaluated to have a Sauter mean size of 4.9 !lm by a Coulter LS I 30. 
The results of the experiments are compiled in Tables C.I and C.2 with graphical 
representations of the emulsion size distributions, Figure C.I, and grade efficiencies, 
Figure C.2. 
Table C.I: Experimental parameters and fluid hydrodynamics 
for filtration with an unmodified Nickel Veco filter 
Experiment Insert Bulk Channel Reynolds g-factor 
Experiment 
1 
2 
3 
4 
5 
6 
flowrate velocity number 
(I min") (m s") 
I No insert 4.09 0.443 6,202 
2 Rod insert 4.11 0.510 4,591 
3 70 mm Helix 4.09 0.614 4,677 0.587 
4 42 mm Helix 4.09 0.648 4,889 1.139 
5 14 mm Helix 4.13 1.079 7,371 10.997 
6 No insert 4 0.43 6,100 
Table C.2: Experimental results for emulsion filtration using an 
unmodified Nickel Veco filter. 
Insert Wall shear Initial flux TMP Initial Permeate Rejection Comments 
(Pa) (I m-l h- I) (Pa) liltration Sautcr (%) 
resistance mean size 
(m") (~m) 
No insert 0.253 200 1.;)6 5.6 x 1010 3.56 42.70 
Rod insert 0.600 200 1,216 4.8 x IOlO 3.65 47.68 
70 mm Helix 0.819 200 954 4.6 x 1010 2.87 52.37 
42 mm Helix 0.864 200 486 4.2 x 1010 2.79 52.99 
14mm Helix 1.439 200 9.199 5.7x 1010 2.62 55.28 
No insert Solids test 
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C.2.2 Experimental results of flux and filtration resistance 
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C.3. EVALUATIONS OF NORMAL VERSUS REVERSE FILTER 
OPERATION 
C.3.l Experimental results and conditions 
Evaluations of normal and reverse filter operation where conducted with two very 
similar filters, the normal filter 3221 and the reverse filter 3222R. These were each 
tested with the five insert configurations using a number of differing operation 
conditions, with the same for each filter. These experiments were conducted within a 
single pass of the feed emulsion, with the filter 3222R used in the first pass and the 
filter 3221 in the return pass. Analysis of the feed emulsions for these two passes 
were conducted with the Coulter Multisizer with Sauter mean values produced of 5.28 
/lm and 5.40 /lm respectively. 
The results are presented as tables of fluid hydrodynamics and filtration results, 
Tables C.3-C.6, with comparisons of grade efficiencies in Figures C.8-C.II. 
Graphical results for each experiment using flux/resistance, permeate size and grade 
efficiencies are presented in Figures C.12-C.26 for the normally oriented filter and 
Figures C.27-C.41 for the reverse oriented filter. 
Table C.3: Fluid hydrodynamics produced during 
experimentation with the normal filter, 3221. 
Experiment Insert Bulk Channel Reynolds 
flowrate velocity number 
(I min") (m s") 
I 14 mm Helix 3.09 0.809 5524.7 
2 42 mm Helix 3.10 0.490 3701.0 
3 70 mm Helix 3.12 0.469 3569.3 
4 Rod insert 3.55 0.440 3961.1 
5 No insert 4.05 0.439 6144.2 
g·factor 
6.178 
0.653 
0.342 
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Table C.4: Fluid hydrodynamics produced during 
experimentation with the reverse filter, 3222R. 
Experiment Insert Bulk Channel Reynolds 
flowrate velocity number 
Cl min·') (m s·') 
I 14 mm Helix 2.98 0.780 5325.1 
2 42 mm Helix 2.95 0.466 3520.6 
3 70 mm Helix 2.95 0.443 3373.6 
4 Rod insert 3.46 0.429 3862.0 
5 No insert 4.18 0.452 6335.0 
g-factor 
5.740 
0.591 
0.305 
C-8 
s 
Table C.S: Experimental results for emulsion filtration using filter 3221. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-l h-I ) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(m·') (~m) half (secs) 
I 14 mm Helix 1.079 208 19,764 3.5 x lOll 3.49 57.23 No flux decay 
2 42 mm Helix 0.654 210 14,247 2.5 x 1011 3.66 48.55 No flux decay 
3 70 mm Helix 0.625 210 14,005 2.3 x 1011 3.72 53.76 No flux decay 
4-1 Rod insert 0.517 210 14,913 2.6 x 1011 3.85 46.82 dO~O Flux decay with a steady state flux of 140 LMH after 2000 seconds 
4-2 Rod insert 0.517 210 13,048 2.7x lOll 4.32 31.21 Air backllush using rotary valve at 120 rpm and 31 kPa feed supply 
5-1 No insert 0.251 220 15,472 2.6 x lOll 3.80 48.55 1000 Flux decay 
5-2 No insert 0.251 210 12,967 2.4 x 1011 3.56 38.73 Air backflush using rotar), valve at 120 rpm and 28 kPa feed supply 
Table C,6: Experimental results for emulsion filtration using filter 3222R. 
Experiment Insert Wall shear Initial flux TMP Initial Penneate Rejection Time for Comments 
(Pa) (I m-2 h- I) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(m·') (~m) half (secs) 
I 14 mm Helix 1.040 205 17,565 2.7 x 10" 3.50 59.32 No flux decay 
2 42 mm Helix 0.622 205 13,460 2.4 x 1011 3.75 54.24 No flux decay 
3 70 mm Helix 0.591 210 13,220 2.2)( 1011 3.68 53.67 No flux decay 
4 Rod insert 0.504 205 13.595 2.4 x 10" 4.22 42.94 Slow flux decay with steady flux attained of 175 LMH 
5 No insert 0.259 230 14.586 2.3 )( lOll 4.40 40.11 Slow flux decay with steady flux attained of 165 LMH 
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C.3.2 Filtration comparisons of normal filter orientation, filter 3221 
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Figure C.8: Comparisons of grade efficiencies for filtration 
with helices versus with no insert . 
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Figure C.9: Comparisons of grade efficiencies for filtration 
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air backflushing. 
C-lO 
C.3.3 Filtration comparisons of reverse filter orientation, filter 3222R 
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C.3.4 Experimental Performances With Normal Filter Operation, Filter 3221 
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Figure C, 12: Flux decay and fluctuation of filtration resistance 
during filtration with the 14 mm helix, 
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Figure C, 13: Permeate and feed emulsion size distributions for 
filtration with the 14 mm helix, 
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Figure C.IS: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helix. 
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Figure C.17: Grade efficiencies produced during emulsion 
filtration using the 42 mm helix. 
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during filtration with the 70 mm helix. 
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Figure C.19: Permeate and feed emulsion size distributions for 
filtration with the 70 mm helix. 
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Figure C.20: Grade efficiencies produced during emulsion 
filtration using the 70 mm helix. 
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Figure C.2I: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert. 
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Figure C.22: Penneate and feed emulsion size distributions for 
filtration with the rod insert. 
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Figure C.23: Grade efficiencies produced during emulsion 
filtration using the rod insert. 
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Figure C.24: Flux decay and fluctuation of filtration resistance 
during filtration with no insert, 
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Figure C.25: Permeate and feed emulsion size distributions for 
filtration with no insert, 
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filtration using no insert. 
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Figure C.29: Grade efficiencies produced during emulsion 
filtration using the 14 mm helix. 
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Figure C.30: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helix. 
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Figure C.32: Grade efficiencies produced during emulsion 
filtration using the 42 mm helix. 
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Figure C,33: Flux decay and fluctuation of filtration resistance 
during filtration with the 70 mm helix, 
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Figure C,35: Grade efficiencies produced during emulsion 
filtration using the 70 mm helix, 
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Figure C.36: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert, 
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Figure C.37: Permeate and feed emulsion size distributions for 
filtration with the rod insert. 
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Figure C.38: Grade efficiencies produced during emulsion 
filtration using the rod insert. 
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Figure C.39: Flux decay and fluctuation of filtration resistance 
during filtration with no insert. 
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Figure C.40: Permeate and feed emulsion size distributions for 
filtration with no insert. 
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C.4. EVALUATION OF FILTER 4113R: VARIABLE FEED FLOWRA TE 
C.4.1 Filtration results and parameters 
A series of experiments were performed for each insert configuration in the order of 
14 mm helix, 42 mm helix, 70 mm helix, rod insert, no insert and finally a repeat of 
the 14 mm helix. These insert configurations were all evaluated with a number of 
feed flowrates and completed within a single pass for each insert. Thus the work 
consists of six passes of the feed emulsions. Size analyses of these feeds using a 
Coulter Multisizer gave the following feed Sauter mean diameters: 8.46 ~m, 6.83 Ilm, 
6.50 Ilm, 6.11 f.\m, 4.93 Ilm and 4.91 Ilm using the same order as above. 
The results of the tests of each insert are presented as a table of fluid hydrodynamics 
(Tables C.7-C.12), a table of filtration results (Tables C.13-C.18), figures of grade 
efficiency and permeate sizes comparisons (Figures C.42-C.53) and finally permeate 
flux rate/filtration resistance graphs (C.53-C.81) 
Table C.7: Fluid hydrodynamics produced during 
experimentation with the 14 mm helical insert and 
the larger feed size. 
Experiment Insert Bulk Channel Reynolds g·factor 
flowrate velocity number 
(I min-I) (m S-I) 
I 14 mm Helix 4.06 1.062 7256 10.659 
2 14 mm Helix 2.94 0.768 5245 5.568 
3 14 mm Helix 2.11 0.551 3766 2.871 
4 14 mm Helix 1.06 0.278 1899 0.730 
5 14 mm Helix 0.60 0.158 1076 0.234 
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Table C.8: Fluid hydrodynamics produced during 
experimentation with the 42 mm helical insert. 
Experiment Insert Bulk Channel Reynolds g-factor 
I 
2 
, 
.J 
4 
5 
flowrate velocity number 
(l min-I) (m S-I) 
42 mm Helix 7.91 1.253 9459 
42 mm Helix 4.25 0.673 5076 
42 mm Helix 3.06 0.485 3661 
42 mm Helix 2.08 0.329 2487 
42 mm Helix 1.08 0.171 1294 
Table C.9: Fluid hydrodynamics produced during 
experimentation with the 70 mm helical insert. 
Experiment Insert Bulk Channel Reynolds 
I 
2 
3 
4 
5 
flowrate velocity number 
(l min-I) (m S-I) 
70 mm Helix 7.12 1.069 8136 
70 mm Helix 4.17 0.625 4760 
70 mm Helix 3.04 0.457 3476 
70 mm Helix 2.10 0.315 2400 
70 mm Helix 1.09 0.164 1251 
Table C.I 0: Fluid hydrodynamics produced during 
experimentation with the rod insert. 
Experiment Insert Bulk Channel Reynolds 
flowrate velocity number 
(l min-I) (m S·I) 
I Rod insert 7.05 0.875 7873 
2 Rod insert 4.00 0.497 4469 
3 Rod insert 3.33 0.413 3715 
4 Rod insert 2.18 0.271 2437 
5 Rod insert 1.01 0.125 1128 
4.265 
1.228 
0.639 
0.295 
0.080 
g-factor 
1.776 
0.608 
0.324 
0.155 
0.042 
g-factor 
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Table C.II: Fluid hydrodynamics produced during 
experimentation with no insert. 
Experiment Insert Bulk Channel Reynolds g-factor 
I 
2 
3 
flowrate velocity number 
(I min") (m s·') 
No insert 7.76 0.840 11764 
No insert 4.09 0.443 6207 
No insert 3.13 0.339 4749 
Table C.12: Fluid hydrodynamics produced during 
experimentation with the 14 mm helical insert and 
small feed size. 
Experiment Insert Bulk Channel Reynolds g-factor 
flowrate velocity number 
(I min·') (m s·') 
I 14 mm Helix 3.93 1.026 7011 9.949 
2 14 mm Helix 3.07 0.802 5476 6.071 
3 14 mm Helix 2.04 0.533 3638 2.679 
4 14 mm Helix 1.02 0.267 1823 0.673 
5 14 mm Helix 0.57 0.149 1021 0.211 
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Table C.13: Experimental results for emulsion filtration using the 14 mm helical insert and large feed size. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-2 h"') (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(rn") (~rn) half (sccs) 
I 14 mm llelix 1.417 205 35,868 6.3 x 1011 4.95 96.95 No flux decay 
2 14 mm Helix 1.024 200 30,405 5.4 x lOll 5.55 96.18 No flux decay 
3 14mm Helix 0.735 200 25,181 4.4 x 1011 5.27 95.42 No nux decay 
4 14 mm lIelix 0.371 205 27,328 4.1 x lOll 6.27 88.55 No flux decay 
5-1 14 mm Helix 0.210 200 25.880 1.6 x lOll 5.16 73.38 210 Very rapid fouling 
5-2 14 mm Helix 0.210 200 22.161 3.9 x 1011 4.69 48.92 Air backllush using rotary valve at 60 pulses per minute and 48 kPa feed supply 
Table C.14: Experimental results for emulsion filtration using the 42 mm helical insert. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-2 h-') (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(m-I) (~rn) half (secs) 
I 42 mm Helix 1.671 200 25.083 4.1 x 1011 4.05 93.62 No flux decay 
2 42 mm Helix 0.897 200 18,332 3.3 x 1011 3.94 91.49 No flux decay 
3 42 mm Helix 0.647 200 19.251 3.1 x 1011 4.01 70.21 No flux decay 
4-1 42 mm Helix 0.439 200 21,182 3.9 x 1011 4.36 65.96 1350 Gradual flux decay 
4-2 42 mm Helix 0.439 210 18,368 2.9 x lOt! 4.27 50.35 Air backflush using rotary valve at 60 pulses per minute and 35 kPa feed supply 
5-1 42 mm Helix 0.229 210 21,201 3.9 x 1011 4.29 68.79 240 Very rapid fouling 
5-2 42 mm Helix 0.229 210 18,611 3.9 x IO!! 4.58 53.90 Air backflush using rotary valve at 60 pulses per minute and 35 kPa feed supply 
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Table C.lS: Experimental results for emulsion filtration using the 70 mm helical insert. 
Experiment Insert Wall shear Initial flux TMP Initial Penneale Rejection Time for Comments 
(Pa) (I m- l h"l) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(m") (~m) half (secs) 
I 70 mm Helix 1.425 205 21.118 3.6 x lOll 4.44 73.94 No flux decay 
2 70 mm Helix 0.834 205 19.452 3.2 x 1011 5.03 71.83 No flux decay 
3 70 mm Helix 0.609 200 18.856 3.5x 1011 4.49 69.01 No flux decay 
4·1 70 mm Helix 0.420 200 18.989 3.2 x lOll" 4.79 65.49 1290 Gradual flux decay 
4-2 70 mm Helix 0.420 200 16.001 3.2 x ID" 4.84 36.62 Air backflush using rotary valve at 60 pulses per minute and 35 kPa feed supply 
5-1 70 mm Helix 0.219 200 19.877 1.6 x 1011 4.71 63.38 180 Vcry rapid fouling 
5-2 70 mm Helix 0.219 200 18.863 3.5 x lOll 4.58 39.44 Air backflush llsing rotary valve at 60 pulses per minute and 35 kPa feed supply 
Table C.16: Experimental results for emulsion filtration using the rod insert. 
Experiment Insert Wall shear Initial flux TMP Initial Penneate Rejection Time for Comments 
(Pa) (I m·l hol) (Pa) filtration Sauter (%) flux 10 
resistance mean size decay by a 
(m") (~m) half (secs) 
I Rod insert 1.028 200 22.304 3.9 x 1011 4.11 78.85 No flux decay 
2 Rod insert 0.584 200 19.883 3.4 x 1011 4.40 76.92 No flux decay 
3-1 Rod insert 0.485 220 22.438 3.5 x lOll 4.43 76.92 3000 Very gradual flux decay 
3-2 Rod insert 0.485 210 19,686 3.3 x lOll 3.98 67.95 Air backtlush using rotary valve at 60 pulses per minute and 35 kPa feed supply 
4-1 Rod insert 0.318 210 20.845 3.8 x lOll 4.49 60.90 210 Very rapid fouling 
4·2 Rod insert 0.318 200 20.133 3.3x lOll 4.80 33.97 Air backflush using rotary valve at 60 pulses per minute and 38 kPa feed supply 
5-1 Rod insert 0.147 120 <30 Immediate & substantial fouling 
5-2 Rod insert 0.147 120 29.196 9.9.x lOll 4.64 6.41 Air backflush using rotary valve at 87 pulses per minute and 48 kPa feed supply 
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Table C.17: Experimental results for emulsion filtration using no insert. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-2 h-I) (Pa) filtration Sautcr (%) flux to 
resistance mean size decay by a 
(rn") (~rn) half (secs) 
I No insert 0.480 200 26.057 4.7 x 1011 3.70 71.03 No flux decay 
2-1 No insert 0.253 210 25,208 4.3 x 10" 3.70 69.66 640 Rapid fouling 
2-2 No insert 0.253 220 25,208 4.4 x 1011 3.98 53.10 Air backflush using rotary valve at 60 pulses per minute and 35 kPa feed supply 
3-1 No insert 0.194 200 36,112 6.4 x 10" 3.85 55.17 90 Immediate & substantial fouling 
3-2 No insert 0.194 200 37.287 6.0 x lOll 3.56 24.83 Air backflush using rotary valve at 60 pulses per minute and 35 kPa H:ed supply 
Table C.18: Experimental results for emulsion filtration using the 14 mm helical insert and small feed size. 
Experiment Insert Wall shear Initiall1ux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-2 h· l ) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(rn") (pm) half (secs) 
I 14 mm Helix 1.369 210 37.252 6.3x 1011 2.93 63.64 No flux decay 
2 14 mm Helix 1.069 205 34,612 6.0 x 1011 2.85 63.64 No flux decay 
3-1 14 mm Helix 0.710 220 34,107 5.2 x 1011 3.14 60.39 1860 Gradual nux decay 
3-2 14 mm lIelix 0.710 220 29.367 5.1 x 1011 3.31 50.00 Air backflush using rotary valve at 60 pulses per minute and 52 kPa feed supply 
4-1 14 mm Helix 0.356 220 34,343 6.1 x 1011 3.44 55.84 300 Rapid fouling 
4-2 14 mm Helix 0.356 220 35,787 6.5 x 1011 3.35 57.79 Air backflush using rotary valve at 60 pulses per minute and 55 kPa feed supply 
5·1 14 mm Helix 0.199 200 31.599 4.8 x 1011 3.49 55.84 60 Immediate & substantial fouling 
5-2 14 mm Helix 0.199 200 41.058 8.7 x 1011 3.35 57.79 Air backflush using rotary valve at 60 pulses per minute and 55 kPa feed supply 
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c'4.2 Filtration comparisons using the 14 mm helical insert and large feed 
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Figure C.42: Comparisons of permeate size distributions for 
filtration with the 14 mm helical insert and large 
feed size. 
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with the 14 mm helical insert and large feed size. 
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C.4.3 Filtration comparisons using the 42 mm helical insert 
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Figure C.44: Comparisons of permeate size distributions for 
filtration with the 42 mm helical insert. 
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Figure C.45: Comparisons of grade efficiencies for filtration 
with the 42 mm helical insert. 
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C.4.4 Filtration comparisons using the 70 mm helical insert 
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Figure C.46: Comparisons of permeate size distributions for 
filtration with the 70 mm helical insert. 
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with the 70 mm helical insert. 
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C.4.5 Filtration comparisons using the rod insert 
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Figure C.49: Comparisons of grade efficiencies for filtration 
with the rod insert. 
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C.4.6 Filtration comparisons using no insert 
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Figure C.SO: Comparisons of permeate size distributions for 
filtration with no insert 
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C.4.7 Filtration comparisons using the 14 mm helical insert and small feed 
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Figure C.52: Comparisons of permeate size distributions for 
filtration with the 14 mm helical insert and small 
feed size. 
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c'4.8 Experimental results for a 14 mm helical insert and large feed size 
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Figure C.54: Flux decay and fluctuation of filtration resistance 
during filtration with the 14 mm helical insert at a 
flow of 4 I min" . 
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Figure C.55: Flux decay and fluctuation of filtration resistance 
during filtration with the 14 mm helical insert at a 
flow of 3 I min", 
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Figure C.S6: Flux decay and fluctuation of filtration resistance 
during filtration with the 14 mm helical insert at a 
flow of 2 I min", 
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C.4.9 Experimental results for a 42 mm helix 
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Figure C.59: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helical insert at a 
flow of 8 I min-'. 
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Figure C.60: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helical insert at a 
flow of 4 I min-'. 
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Figure C.61: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helical insert at a 
flow of 3 I min· l . 
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Figure C,62: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helical insert at a 
flow of 2 I min· l . 
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Figure C.63: Flux decay and fluctuation of filtration resistance 
during filtration with the 42 mm helical insert at a 
flow of I I min· l . 
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C.4.10 Experimental results for a 70 mm helix 
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Figure C.64: Flux decay and fluctuation of filtration resistance 
during filtration with the 70 mm helical insert at a 
flow of 7 I min'l. 
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Figure C.65: Flux decay and fluctuation of filtration resistance 
during filtration with the 70 mm helical insert at a 
flow of 4 I min'l. 
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Figure C,66: Flux decay and fluctuation of filtration resistance 
during filtration with the 70 mm helical insert at a 
flow of 3 I min", 
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Figure C.67: Flux decay and fluctuation of filtration resistance 
during filtration with the 70 mm helical insert at a 
flow of 2 I min- l 
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Figure C.68: Flux decay and fluctuation of filtration resistance 
during filtration with the 70 mm helical insert at a 
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C.4.ll Experimental results for a rod insert 
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Figure C.69: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of 71 
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Figure C. 70: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of 4 I 
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Figure C,71: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of 3 I 
min· l . 
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Figure C.72: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of 2 I 
min". 
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Figure C. 73: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of I I 
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C.4.12 Experimental results for no insert 
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Figure C.74: Flux decay and fluctuation of filtration resistance 
during filtration with no insert at a flow of 8 I 
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Figure C.75: Flux decay and fluctuation of filtration resistance 
during filtration with no insert at a flow of 4 I 
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Figure C.76: Flux decay and fluctuation of filtration resistance 
during filtration with no insert at a flow of 3 I 
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C.4.13 Experimental results for a14 mm helix and small feed size 
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Figure C. 77: Flux decay and fluctuation of filtration resistance 
during filtration with a 14 mm helical insert at a 
flow of 4 I min'l, 
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Figure C,78: Flux decay and fluctuation of filtration resistance 
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Figure C,79: Flux decay and fluctuation of filtration resistance 
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flow of 2 I min-' , 
250. r---------------------,,2.0E+'2 
200. 
1.5HI2 ::--
150 _ 
! 
" u 
= $l 
.. 1.0E+12-a 
'00. 
" ~ 
c 
.:: ;; 
~ 
5.0E+ll ~ 
50 _ 
-0- Flux 
-0- Resistance 1-======--.;.-_.-: __ .-: _ _;_-------.1. O.OE+OO 
1,000 2,000 3,000 
Elapsed experiment time (secs) 
Figure C.80: Flux decay and fluctuation of filtration resistance 
during filtration with a 14 mm helical insert at a 
flow of I I min". 
C-55 
:.c 
~E 
250 ,-_________________ ----, 2.5E+12 
200 .. 2.0E+12 
" 
- 150 1.5E+12 ~
!! 
~ 
'" " ~
\ 
1.OE+12 .,g 
~ 
50 r ii: . 5.0E+1I 
.1 : ~~s~stance I 
o .I-':====------.:~~ _ _;_-----------!- O.OE+OO 
o 1,000 2,000 
Elapsed experiment time (secs) 
Figure C.81: Flux decay and fluctuation of filtration resistance 
during filtration with a 14 mm helical insert at a 
flow of 0.5 I min". 
C-56 
C.S. EVALUATION OF FILTER 4113R: ELEVATED FLUXRATE FOR 
ROD AND 14 MM HELICAL INSERTS. 
C.S.l Filtration results and parameters 
The filter 4113R was evaluated using the 14 mm helix and rod insert, both at a range 
of flow conditions to evaluate the effects of the presence of the helical flow path 
caused by an o-ring around an identical rod. The experiments were all conducted 
within a single pass of feed emulsion, which was evaluated as having a Sauter mean 
size of6.94 J.Im. 
The results of the experiments are tabulated as fluid hydrodynamics, Table C.19, and 
filtration results, Table C.20. Comparisons of the rod experiments are illustrated in 
Figures C.82-C.83 and for the helical inserts in Figures C.84-C.85. Lastly the 
variation of permeate fluxrate & filtration resistance are illustrated in Figures C.86-
C.89 for the rod and Figures C.90-C.95 for the helix. 
Table C.19: Fluid hydrodynamics produced during 
experimentation with filter. 
Experiment Insert Bulk Channel Reynolds 
flowrate velocity number 
(I min·') (m s-') 
I Rod insert 8.02 0.995 8957 
2 Rod insert 5.95 0.738 6,644 
3 Rod insert 4.11 0.510 4,588 
4 Rod insert 2.17 0.269 2,418 
5 14 mm Helix 7.63 1.995 13,623 
6 14 mm Helix 5.71 1.493 10,199 
7 14 mm Helix 3.84 1.003 6,852 
8 14 mm Helix 2.96 0.774 5,285 
9 14 mm Helix 2.06 0.538 3,678 
10 14 mm Helix 1.05 0.275 1,880 
g-factor 
37.565 
21.056 
9.504 
5.653 
2.738 
0.716 
C-57 
Table C.20: Experimental results for emulsion filtration using filter, 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m,2 h-') (Pa) filtration Sauler (%) tluXlo 
resistance mean size decay by a 
(m"l) (~m) half (secs) 
I Rod insert 1.170 415 18.409 1.6 x 1011 3.76 64.04 No flux decay 
2 Rod insert 0.868 430 19,088 1.6 x 1011 3.71 64.61 No flux decay 
3 Rod insert 0.599 410 26,769 1.7 x lOll 3.08 65.73 150 Flux decay 
4 Rod insert 0.316 260 38,943 5.0 x 1011 30 Flux decay is immediate and very rapid 
5 14 mm Helix 2.659 410 37,871 3.4x 10" 3.74 67.42 No flu .... decay 
6 14 mm Helix 1.991 420 29,667 2.5 x lOll 2.90 76.97 No flux decay 
7 14 mm Helix 1.338 400 22,425 2.0 x lOll 3.08 76.97 No flux decay 
8 14 mm Helix 1.032 435 20,442 1.6 x 1011 2.98 76.40 No flux decay 
9 14 mm Helix 0.718 400 18,141 1.6 x 1011 3.14 71.91 Gradual flux decay throughout run 
10 14 mm Helix 0.367 380 25,367 2.1 x 1011 3.65 66.29 170 
'-----
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C.S.2 Filtration comparisons for filtration with the rod insert 
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C.S.3 Filtration comparisons for filtration with the 14 mm helical insert 
10 .,--____________ -;====== 
[] Permeate - mm 
= o 
.~ 
~ 
~ 
E 
= 
"0 
.. 
• 
8 
6 
4. 
c 
• 0 
• , 
• 0 
jO 
0 
10 
0 
0 
0 
o Permeate - 6lfmin 
6 Permeate - 4 Ifmin 
[] Permeate - 3 IImin 
Permeate - 2 Vrnin 
.. Permeate - J IImin 
___ Feed 
Emulsion droplet diameter (~m) 
Figure C.84: Comparisons of permeate size distributions for 
filtration with the 14 mm helical insert. 
8~"!' 
III :t .. [] c 81/min 
e ~ 1 ~ 0 • 0- 61/min 
0 0 G 41/min 0.8 c 
c o 31/min 0, x 
• 0 , 
x 21/min 
• ,0 
.. Il/min ... 
u • 
. . 
= 0.6 .. . ' 0 
" 'u 00 
15 8 x 
" .0 
" 
.., • 0 
" 
0.4 . ~ . 
~ 
c.:> o • 
, 
8 • 
0.2 ·8 
• 
.. 
0 
.~ OX 
0 Aio 
100 
10 100 
Emulsion droplet diameter (~m) 
Figure C.85: Comparisons of grade efficiencies for filtration 
with the 14 mm helical insert. 
C-60 
C.5.4 Experimental performances with a rod insert 
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Figure C,86: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of 8 I 
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Figure C.87: Flux decay and fluctuation of filtration resistance 
during filtration with the rod insert at a flow of 61 
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C.S.S Experimental performances with a14 mm helix 
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Figure C.90: Flux decay and fluctuation of filtration resistance 
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Figure C.91: Flux decay and fluctuation of filtration resistance 
during filtration with the 14 mm helical insert and 
feed of 6 I min". 
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Figure C.92: Flux decay and fluctuation of filtration resistance 
during filtration with the 14 mm helical insert and 
feed of 4 I min'). 
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C.6. EVALUATIONS OF AIR BACKFLUSHING 
C.6.1 Filtration results and parameters 
Evaluations of filter 4112 were conducted with a number of insert configurations. 
When fouling occurred a number of operating parameters were investigated to attain a 
constant 200 LMH fluxrate using air backflushing. These were all conducted within a 
single pass of a feed emulsion of Sauter mean size 9.58 /lm. 
Table C.21: Fluid hydrodynamics produced during 
experimentation. 
Experiment Insert Bulk Channel Reynolds g-factor 
flowrate velocity number 
(I min-') (m sol) 
I 14 mm Helix 3.02 0.789 5390.3 5.881 
2 42 mm Helix 2.99 0.474 3576.0 0.610 
3 70 mm Helix 3.03 0.454 3458.2 0.321 
4 Rod insert 3.49 0.433 3898.3 
5 No insert 4.31 0.467 6531.2 
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Table C.22: Experimental results for emulsion filtration using filter 4112. 
E.xperiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-2 hOI) (Pa) filtration Sautcr (%) flux to 
resistance mean size decay by a 
(rn") (~'rn) half (secs) 
I 14 mm Helix 1.052 210 24.383 4.1 x 10" 5.23 97.39 No flux decay 
2 42 mm Helix 0.632 220 18.292 3.0 x 1011 3.58 96.52 No flux decay 
3 70 mm Helix 0.606 210 18.972 3.3 x 10" 5.20 92.17 No nux decay 
4-1 Rod insert 0.509 200 19.408 3.6 x lOll 5.23 92.17 1500 Flux decay is occurring 
A Rod insert 0.509 130 14.900 Air backflush using rotary valve at 60 pulses per minute and 28 kPa air supply 
B Rod insert 0.509 59 11.800 Air backflush using rotary valve at 60 pulses per minute and 21 kPa air supply 
C Rod insert 0.509 52 11.400 Air backtlush using rotary valve at 80 pulses per minute and 21 kPa l1ir supply 
D Rod insert 0.509 102 13,200 Air backtlush using rotary valve at 81 pulses per minute and 28 kl'a air supply 
E Rod insert 0.509 103 12.500 Air backflush using rotary valve at 61 pulses per minute and 28 kPa air supply 
F Rod insert 0.509 102 12,000 Air backllush using rotary valve at 79 pulses per minute and 35 kPa air supply 
4-2 Rod insert 0.509 210 15_820 2.7x 1011 4.71 80.00 Air backllush using rotary valve at 79 pulses per minute and 35 kPa air supply 
5·1 No insert 0.267 210 17,240 3.0 x lOll 6.07 89.57 2000 Flux decay is occurring 
A No insert 0.267 118 14.600 Air back flush using rotary valve at 80 pulses per minute and 14 kPa air supply 
B No insert 0.267 141 12.400 Air back flush using rotary valve at 80 pulses per minute and 35 kPa air supply 
C No insert 0.267 64 11 ,600 Air backflush using rotary valve at 80 pulses per minute and 41 kPa air supply 
D No insert 0.267 50 6.800 Air back flush using rotary valve at 58 pulses per minute and 41 kPa air supply 
E No insert 0.267 105 12.300 Air back flush using rotary valve at 58 pulses per minute and 35 kPa air supply 
5-2 No insert 0.267 210 13.000 2.6 x 1011 4.18 80.00 Air backflush using rotary valve at 60 pulses per minute and 41 kl'a air supply 
F No insert 0.267 200 13,200 Air backnush using rotary valve at 60 pulses per minute and 55 kPa air supply 
5·3 No insert 0.267 250 15,600 2.3 x lOll 4.31 80.87 Air backflush using rotary valve at 87 pulses pcr minute and 35 k!la air supply 
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C.6.2 Filtration comparisons 
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C.6.3 Experimental performances 
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filtration using the 14 mm helix. 
,-_____________________ .,- 4E+ll 
3E+ll ~ 
5 
1: 
" 
" tl
.. 2E+ll '.:;j 
~ 
" o 
.~ 
~ 
_. IE+II [i: 
L':===:::;::=-----;-----+--------+---~. OE+OO 
1500 
Elapsed experiment time (secs) 
2000 2500 
Figure C.I 0 I: Flux decay and fluctuation of filtration 
resistance during filtration with the 42 mm 
helix. 
C-70 
Figure C.l 02: Permeate and feed emulsion size distributions 
for filtration with the 42 mm helix. 
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filtration using the 42 mm helix. 
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Figure C.I 07: Flux decay and fluctuation of filtration 
resistance during filtration with the rod insert. 
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Figure C.I 08: Detailed filtration performance during air 
backflushing with the rod insert. 
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Figure C.l 09: Permeate and feed emulsion size distributions 
for filtration with the rod insert. 
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for filtration with no insert. 
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using no insert. 
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C.7. FILTRATION USING ELECTROLYTICALLY GENERATED 
BUBBLES 
The results of experimentation into the use of electrolytically generated bubbles as a 
filtration enhancement is presented in the following sections. This is composed of 
three main parts: filtration with constant applied current using a helical and rod insert, 
filtration using a helical insert and variable applied current and finally filtration with 
the helical insert using constant applied current and variable feed flowrate. The result 
sections of each are laid out in the same format with the fluid hydrodynamics and 
filtration results presented in tabular form followed by the emulsion size distributions 
of each experiment and the grade efficiencies in graphical form. 
C.7.1 Evaluation of inserts and flux rate using constant applied current 
The work presented in this section consists of six experiments each consisting of four 
individual tests labelled *-1 to *-4. These were conducted as a single run with the 
parameters of: current on, current off, current on and finally a filtration flux decline 
test after the filter had been run without permeation for up to five minutes. The 
experiments were all conducted with an applied current of 200 mA. 
Table C.23: Fluid hydrodynamics produced during 
experimentation. 
Experiment Insert Bulk Channel Reynolds g·factor 
flowrate velocity number 
(I min") (m s·,) 
I Rod insert 3.26 0.404 3640 
2 Rod insert 3.19 0.396 3567 
3 Rod insert 3.14 0.390 3507 
4 14 mm Helix 1.05 0.275 1879 0.714 
5 14 mm Helix 1.06 0.277 1889 0.722 
6 14 mm Helix 1.06 0.276 1888 0.721 
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Table C.24: Experimental results for emulsion filtration using electrolytically generated bubbles. 
Experiment Insert Wall shear Initial flux TMP Initial Permeate Rejection Time for Comments 
(Pa) (I m-2 hot) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(rn") (~rn) half (secs) 
I-I Rod insert 0.475 220 16.245 2.3 x lOll 3.77 94.27 Current on 
1-2 Rod insert 0.475 220 17.297 2.6 x 1011 3.71 89.81 Current ofr 
1·3 Rod insert 0.475 120 18.051 4.6 x 1011 3.64 93.63 Current on 
2-1 Rod insert 0.466 400 23.836 2.3 x lOll 3.63 90.45 480 Current on 
2-2 Rod insert 0.466 180 24.628 4.3 x 1011 3.67 87.26 Current otT 
2-3 Rod insert 0.466 100 24.997 8.3 x lOll 3.82 89.81 Current on 
2-4 Rod insert 0.466 400 24,062 1.8 x 1011 3.93 87.26 480 Filter self clean: No current 
3-1 Rod insert 0.458 600 30,851 1.6 x lOll 5.17 80.89 170 Current on 
3-2 Rod insert 0.458 200 31.803 5.1 x 1011 3.97 89.81 390 Current olT 
3-3 Rod insert 0.458 110 31.876 1.0 x 1012 3.94 88.54 Current on 
3-4 Rod insert 0.458 630 29,773 6.1 x IOw 6.30 71.97 245 Filter self clean: No current 
4-1 14mm Helix 0.367 190 15,407 2.6 x lOll 4.09 93.63 660 Current on 
4-2 14 mm Helix 0.367 100 13,629 4.7 x 1011 3.94 94.27 Current otT 
4-3 14 mm Helix 0.367 88 13,709 5.1 x 1011 3.81 94.27 Current on 
4-4 14 mm Helix 0.367 180 15,066 2.7 x lOll 0.00 0.00 Filter self clean: No current 
.J 
5-1 14 mm Helix 0.369 400 31,716 2.8 x 1011 5.17 80.89 120 Currenlon 
5-2 14 mm Helix 0.369 130 31,383 8.8xlO ll 3.97 89.81 Current off I 
5·3 14 mm Helix 0.369 100 31,726 9.6 x lOll 3.94 88.54 300 Current on 
5-4 14 mm Helix 0.369 380 29,893 2.6 x lOll 6.30 71.97 480 Filter self clean: No current 
6·1 14 mm Helix 0.369 610 38,583 1.7 x 1011l 4.52 84.08 210 Current on 
6-2 14 mm Helix 0.369 150 41.193 6.7 x IOU) 3.71 94.27 Current olT 
6-3 14 mm Helix 0.369 100 42,790 1.3 x 1011 3.47 91.08 170 Current on 
6-4 14 mm Helix 0.369 610 37,351 1.5 x IOw 4.41 84.71 300 Filter self clean: No current 
-- - -
--~ 
---
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C.7.1.1 Experimentation with the rod insert 
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Figure C.IIS: Flux decay and fluctuation of filtration 
resistance during filtration experiment number 
one. 
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of experiment number one. 
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filtration of experiment number one. 
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Figure C.119: Penneate and feed emulsion size distributions 
of experiment number two. 
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Figure C.121: Flux decay and fluctuation of filtration 
resistance during filtration experiment number 
three. 
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of experiment number three. 
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C.7.1.2 Experimentation with the 14 mm helical insert 
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Figure C.124: Flux decay and fluctuation of filtration 
resistance during filtration experiment number 
four. 
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Figure C.125: Permeate and feed emulsion size distributions 
of experiment number four. 
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resistance during filtration experiment number 
five, 
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Figure C, 128: Permeate and feed emulsion size distributions 
of experiment number five. 
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filtration of experiment number five. 
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Figure C.132: Grade efficiencies produced during emulsion 
filtration of experiment number six. 
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C.7.2 Evaluation of the 14 mm helical insert and variable applied current 
The results contained within this section consist of a single flux experiment using the 
14 mm helix with five individual tests labelled I-I to 1-5. These were conducted as a 
single run with the permeation stopped between tests to allow the filter to self clean. 
The tests utilise different applied currents for bubble production from 25 to 200 mA 
with the last test conducted with no current. 
Table C.25: Fluid hydrodynamics produced during 
experimentation. 
Experiment Insert Bulk Channel Reynolds g-factor 
I 
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flowrate velocity number 
(I min· l ) (m S·I) 
14 mm Helix 1.04 0.271 1853.9 0.696 
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Figure C.133: Flux decay and fluctuation of filtration 
resistance during filtration using variable 
current. 
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Table C.26: Experimental results for emulsion filtration using electrolytically generated bubbles and variable current. 
Experiment Insert Wall shear Initialllux TMP Initial Pcnncate Rejection Time for Comments 
(Pa) (I m"2h-l ) (Pa) filtration Sauter (%) IlllX to 
resistance mean size decay by a 
(rn") (~rn) half (secs) 
1·1 14 mm Helix 0.362 200 27.676 4.1 x 1011 3.26 86.19 400 25 IllA Current 
1·2 14 mm Helix 0.362 200 26.576 4.7 x lOll 3.50 86.19 270 50 IllA Current 
1·3 14 mm Helix 0.362 200 30.179 4.1 x lOll 4.01 77.90 170 100 IllA Current 
14 14 mm Helix 0.362 200 35.206 5.3 x lOll 3.71 85.64 180 200 mA Current 
1·5 14 mm Helix 0.362 200 17.670 2.5 x 10" 4.52 77.90 1440 No current 
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C.7.3 Evaluation offlowrate with the helix and constant applied current 
The third and last evaluations of electrolytic generation of bubbles as a filtration 
enhancement consists of six experiments using variable feed flowrates. The first five 
comprise of two tests each with the first with a 50 mA current and the second without 
a current. The filter is allowed to self clean between the two. The last experiment 
consists of three tests using no current, 50 mA and finally 25 mA. 
The feed emulsion is constant throughout the test with a Sauter mean diameter of 5.14 
J.lm. 
Table C.27: Fluid hydrodynamics produced during 
experimentation. 
Experiment Insert Bulk Channel Reynolds g-factor 
flowrate velocity number 
(l min· l ) (m S·I) 
1 14 mm Helix 8.70 2.275 15,538 48.869 
2 14 mm Helix 7.39 1.932 13,194 35.239 
3 14 mm Helix 4.91 1.283 8,765 15.550 
4 14 mm Helix 2.91 0.760 5,194 5.461 
5 14 mm Helix 1.07 0.280 1,909 0.738 
6 14 mm Helix 5.13 1.341 9,159 16.982 
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Table C.28: Experimental results for emulsion filtration using electrolytically generated bubbles. 
Experiment Insert Wall shear Initial flux TMP Initial Penncatc Rejection Time for Comments 
(Pa) (101'2 hot) (Pa) filtration Sauter (%) flux to 
resistance mean size decay by a 
(m") (~m) half (secs) 
1·1 14 mm Helix 3.033 220 22.561 6.0x 1010 3.33 81.55 Current on 
1·2 14 mm Helix 3.033 200 38.795 7.8 x IOIll 3.22 81.55 Filter self clean then no Current test 
2·1 14 mm Helix 2.576 220 26,662 1.9 x lOLL 3.53 82.14 Current on 
2·2 14 mm Helix 2.576 220 40.940 2.2.x lotl 3.39 82.14 Filter self clean then no Current test 
3·1 14 mm Helix 1.711 206 24.273 2.3 x 1011 3.37 83.93 Current on 
3·2 14 mm Helix 1.711 208 34.696 2.9 x lOll 3.36 83.93 Filter self clean then no Current test 
4-1 14 mm Helix 1.014 210 22.626 3.0 x 1011 3.34 82.14 Current on 
4-2 14 mm Helix 1.014 205 26,416 3.1 x lOll 3.54 82.14 Filter self clean then no Current test 
5-1 14 mm Helix 0.373 210 23.123 3.3 x 1011 4.35 64.88 1260 Current on 
5-2 14 mm Helix 0.373 210 21.951 3.6 x lOll 4.25 54.76 1290 Filter self clean then no Currenllcst 
6-1 14 mm Helix I. 788 550 46.195 2.3 x 1011 3.76 81.55 1570 No current 
6-2 14 mm Helix I. 788 560 56,567 2.3 x 1011 3.71 82.74 1230 Filter self clean then 50 mA current 
6-3 14 mm Helix 1.788 540 57,853 2.7 x 1011 3.46 83.33 1350 Filter self clean then 25 mA current 
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resistance during filtration experiment number 
one. 
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Figure C.137: Permeate and feed emulsion size distributions 
of experiment number one. 
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Figure C.l38: Grade efficiencies produced during emulsion 
filtration of experiment number one. 
250 
200 
150 
100 
50 
0 
.. 5E+II"e 
t 
4E+1I 5 
~ 
'il 
3E+11 ~ 
.~ 
" 2E+11 ~
ii: 
I 
Fl I 1E+II 
: R:s~stance I . 
~ ___ -+-___ --; ____ .;-___ =====.t OE+OO 
0 500 1.000 1,500 2,000 2.500 
Elapsed experiment time (secs) 
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Figure C.140: Permeate and feed emulsion size distributions 
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Figure C.143: Permeate and feed emulsion size distributions 
of experiment number three. 
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Figure C.144: Grade efficiencies produced during emulsion 
filtration of experiment number three. 
250 
200 
150 
100 
50 
0 
o 
7E+ll 
-0- Flux 
I __ Resistance 6E+11 
~~ 
500 1,000 1,500 2,000 
Elapsed experiment time (secs) 
, 5E+11 1 
1: 
4E+ll .5 
~ 
.~ 
3E+11 ~ 
~ 
~ 
2E+ll B 
ii: 
IE+ll 
OE+OO 
2,500 
Figure C.145: Flux decay and fluctuation of filtration 
resistance during filtration experiment number 
four. 
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Figure C.146: Penneate and feed emulsion size distributions 
of experiment number four. 
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Figure C.147: Grade efficiencies produced during emulsion 
filtration of experiment number four. 
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Figure C.148: Flux decay and fluctuation of filtration 
resistance during filtration experiment number 
five. 
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Figure C.149: Penneate and feed emulsion size distributions 
of experiment number five. 
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Figure C.lSO: Grade efficiencies produced during emulsion 
filtration of experiment number five. 
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Figure C.152: Penneate and feed emulsion size distributions 
of experiment number six. 
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Figure C.153: Grade efficiencies produced during emulsion 
filtration of experiment number six. 
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APPENDIX D 
APPENDIXD 
EMULSION DEFORMATION: EXPERIMENTAL DATA 
0.1. NUCLEPORE FILTERS: TUBULAR PORES 
The following pages contain the experimental data for all experiments of emulsion 
deformation for the Nuclepore filters. A compilation of all data is shown in Table 0.1 
with each experiments emulsion size distributions shown in Figures 0.5-0.18. 
Table 0.1: Experimental and theoretical results (in brackets) for 
the tubular pores of the Nuclepore filters. 
Pore size TMP Flux Rejection Permeate Feed Sauter 
(Ilm) (Pa) (I m·' h·') (%) Sauter mean mean 
diameter diameter 
(Ilm) (Ilm) 
2 469 214.9 99.20 (97.92) 1.78 (1.78) 8.16 
2 1348 78.72 98.03 (96.60) 1.90 (1.80) 7.75 
2 1890 191.4 96.67 (98.60) 5.00 (1.91) 11.73 
2 2737 78.86 98.26 (97.17) 3.04 (1.93) 9.51 
2 2862 79.85 95.93 (96.46) 2.37 (2.01) 9.14 
5 481 202 94.84 (78.70) 3.18 (3.45) 7.87 
5 1315 264.5 90.24 (72.72) 3.16 (3.72) 7.70 
5 1766 1222 94.54 (85.70) 4.76 (4.16) 12.17 
8 476 227.6 95.18 (55.72) 3.16 (4.81) 7.91 
8 1089 1168 83.68 (35.45) 5.49 (5.21) 7.00 
8 1678 4470 94.31 (56.89) 7.66 (6.81) 11.39 
10 422 380.9 87.27 (24.42) 4.94 (4.86) 6.02 
10 1143 1251 69.86 (34.57) 6.30 (5.68) 8.38 
10 1717 5298 70.27 (14.24) 7.61 (6.93) 8.49 
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Figure D.I: Experimental results and theoretical modelling 
for a 2 ~m Nuc1epore filter. 
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Figure D.2: Experimental results and theoretical modelling 
for a 5 !lm Nuc1epore filter. 
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Figure 0.3: Experimental results and theoretical modelling 
for an 8 ).lm NucIepore filter. 
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Figure 0.4: Experimental results and theoretical modelling 
for a 10 ).lm NucIepore filter. 
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Figure 0.5: Experimental results and theoretical modelling 
for a 2 ~m Nuclepore filter at a trans-
membrane pressure of 469 Pa. 
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Figure 0.6: Experimental results and theoretical modelling 
for a 2 ~m Nuclepore filter at a trans-
membrane pressure of 1348 Pa. 
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Figure 0.7: Experimental results and theoretical modelling 
for a 2 Ilm Nuclepore filter at a trans-
membrane pressure of 1890 Pa. 
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Figure 0.8: Experimental results and theoretical modelling 
for a 2 Ilm Nuclepore filter at a trans-
membrane pressure of2737 Pa. 
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Figure 0.9: Experimental results and theoretical modelling 
for a 2 flm NUclepore filter at a trans-
membrane pressure of2862 Pa. 
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Figure 0.10: Experimental results and theoretical modelling 
for a 5 flm NUclepore filter at a trans-
membrane pressure of 481 Pa. 
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Figure D.II: Experimental results and theoretical modelling 
for a 5 J.!m Nuclepore filter at a trans-
membrane pressure of 1315 Pa. 
25% . 
Filter:- Nuclepore 
Pore:- 5 flm 
20% . TMP;- 1766 Pa 
15% . 
10% . 
5% . 
0% 
Feed sauter mean size 
Actual rejection 
Theoretical rejectiop 
Actual permeate si , x., 
=12.17flm 
=94.5 % 
= 85.7 % 
=4.76flm 
Theoretical perme size, xl>- = 4.16 J.l.m 
10 
Droplet diameter (Ilm) 
__ Act. Pe;:nll __ Theor pt:rm __ Feed 
Figure D.12: Experimental results and theoretical modelling 
for a 5 !lm Nuclepore filter at a trans-
membrane pressure of 1766 Pa. 
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Figure 0.13: Experimental results and theoretical modelling 
for an 8 I-lm Nuc1epore filter at a trans-
membrane pressure of 476 Pa. 
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Figure 0.14: Experimental results and theoretical modelling 
for an 8 I-lm Nuc1epore filter at a trans-
membrane pressure of 1089 Pa. 
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Figure 0.15: Experimental results and theoretical modelling 
for an 8 ~m Nuclepore filter at a trans-
membrane pressure of 1678 Pa. 
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Figure 0.16: Experimental results and theoretical modelling 
for a I 0 ~m N uclepore filter at a trans-
membrane pressure of 422 Pa. 
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Figure D.17: Experimental results and theoretical modelling 
for a 10 flm Nuclepore filter at a trans-
membrane pressure of 1143 Pa. 
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Figure D.18: Experimental results and theoretical modelling 
for a 10 flm Nuclepore filter at a trans-
membrane pressure of 1717 Pa. 
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0.2. CONICAL PORES: NORMAL ORIENTATION 
The following pages contain the experimental data for all experiments of emulsion 
deformation for the conical filter orientated normally. A compilation of all data is 
shown in Table 0.2 with each experiments emulsion size distributions shown in 
following Figures 0.19-0.34. 
Table 0.2: Experimental and theoretical results (in brackets) for 
the nickel filter in the normal orientation. 
TMP Flux Rejection Permeate Feed Sauter 
(Pa) (l m·' h·') (%) Sauter mean mean 
diameter diameter 
(flm) (flm) 
530 78.79 96.35 (87.31) 3.44 (3.55) 10.96 
598 46.25 95.89 (82.77) 2.32 (3.64) 8.79 
966 90.2 96.30 (75.28) 2.34 (3.37) 7.74 
1025 91 96.40 (83.62) 3.31 (3.74) 10.32 
1501 415.2 85.86 (69.18) 3.94 (4.23) 8.12 
1540 171 89.80 (81.36) 4.99 (4.13) 10.92 
1594 382.7 93.83 (72.22) 3.15 (4.16) 8.43 
1619 214.3 91.40 (71.69) 3.53 (4.28) 8.43 
1624 478.3 83.81 (67.12) 4.00 (4.36) 8.05 
1766 306 94.66 (82.65) 5.45 (5.56) 11.92 
1781 606.2 81.63 (63.60) 4.45 (4.40) 7.84 
2085 543 93.77 (79.66) 5.50 (4.68) 11.77 
2972 490 92.72 (57.50) 5.66 (7.23) 10.75 
3171 831.71 94.27 (54.87) 5.36 (7.27) 11.14 
DOll 
E 
<l. 
~ 
~ 
~ 
E 
.~ 
'C 
= ~ 
~ 
E 
~ 
~ , 
" Cl) 
~ 
:; 
~ 
E 
~ 
~ 
0.. 
100%. 
• • •• . • 
• 90"/0 
• • 
• • 
80% _ • • • • • 
• 700/0 _ 
= 
60% . 
.~ • y 500/0. ~ 
'iU' 
a: 400/0 _ 
300/0 
200/0 . 
100/0 ._ 
0%. 
0 500 1000 1500 2000 2500 3000 
Trans-membrane pressure (Pa) 
I. Actual rejection -a Theoretical Rejection 1 
Figure 0.19: Experimental oil rejection results and 
theoretical modelling for normally orientated 
nickel filter. 
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Figure 0.20: Experimental permeate size and theoretical 
modelling for normally orientated nickel filter. 
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Figure 0.21: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 530 Pa. 
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Figure 0.22: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 598 Pa. 
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Figure 0.23: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 966 Pa. 
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Figure 0.24: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 1025 Pa. 
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Figure D,25: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of ISO IPa. 
100 
16%.r.c========~~----------~c=======================~ 
Filter:- Nickel Feed sauter mean size = 10.92 J-Im 
14% .. Face:- Normal Actual rejection = 89.8 % 
TMP:- IS40 Pa Theoretical rejectio = 7S.3 % 
12%. '-______ ..J Actual permeate siz "s,.. = 4.99 J.tm 
Theoretical permea size, Xs-., = 4.13 Jlm 
10% ._ 
8% . 
6% . 
4% . 
2% . 
----
0% xl _______ ~~~--2-~ ____ --~------__ ~~~----------~ 
10 
Droplet diameter (Jlm) 
_Act. Perm __ Theor perm __ Feed I 
Figure D.26: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 1540 Pa. 
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Figure 0.27: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 1594 Pa. 
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Figure 0.28: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 1619 Pa. 
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Figure D.29: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 1624 Pa. 
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Figure DJO: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 1766 Pa. 
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Figure D.3I: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans· 
membrane pressure of 1781 Pa. 
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Figure D.32: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of2085 Pa, 
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Figure 0.33: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of 2972 Pa. 
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Figure 0.34: Experimental results and theoretical modelling 
for normally orientated nickel filter at a trans-
membrane pressure of3171 Pa. 
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D.3. CONICAL PORES: REVERSE ORIENTATION 
The following pages contain the experimental data for all experiments of emulsion 
deformation for the conical filter in the reverse orientation. A compilation of all data 
is shown in Table 0.3 with each experiments emulsion size distributions shown in 
Figures 0.37-0.46. 
Table 0.3: Experimental and theoretical results (in brackets) for 
the nickel filter in the reversed orientation. 
TMP Flux Rejection Permeate Feed Sauter 
(Pa) (I m·' h·') (%) Sauter mean mean 
diameter diameter 
(Ilm) (Ilm) 
525 77.1 96.47 (90.23) 3.19 (3.43) 12.34 
1010 116 95.12 (84.75) 3.58 (3.52) 10.43 
1094 177.9 94.37 (79.13) 3.22 (3.65) 8.64 
1486 104.8 93.72 (75.44) 3.63 (4.06) 8.64 
1540 271 94.63 (84.04) 4.03 (3.74) 11.07 
1604 256 94.86 (69.04) 3.23 (3.81) 7.56 
1785 337 95.89 (86.95) 4.87 (4.46) 12.91 
2065 500 94.54 (84.51) 5.65 (4.43) 12.70 
3120 568.5 88.89 (47.75) 4.42 (6.49) 8.86 
3178 822.8 93.08 (60.69) 5.11 (6.95) 11.41 
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Figure 0.35: Experimental oil rejection and theoretical 
modelling for the reverse orientated nickel 
filter. 
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theoretical modelling for the reverse 
orientated nickel filter. 
3000 
0-21 
c 
.~ 
1:> 
co 
.:: 
.. 
E 
~ 
-= ;> 
c 
0 
~ 
c 
.:: 
.. 
E 
~ 
-= ;> 
14% . 
Filter:· Nickel 
12% Face:· Reversed 
TMP:- 525 Pa 
10%_ 
8%. 
6%. 
4%. 
2%. 
0% 
Feed sauter mean size =12.34J.1m 
=96.5% 
=90.2% 
10 
penneate size x,... = 3.191lm 
ical permeat ize, Xn- = 3.43 J.1m 
Droplet diameter (Ilm) 
__ Act. Perm __ Theor penn 
-x_ Feed 
Figure D.37: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 525 Pa. 
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Figure D.38: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 10 10 Pa. 
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Figure 0.39: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
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Figure 0.40: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 1486 Pa. 
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Figure D.42: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 1604 Pa. 
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Figure 0.43: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 1785 Pa. 
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Figure 0.44: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of2065 Pa. 
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Figure 0.45: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 3120 Pa. 
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Figure 0.46: Experimental results and theoretical modelling 
for reverse orientated nickel filter at a trans-
membrane pressure of 3178 Pa. 
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APPENDIXE 
APPENDIXE 
EMULSION DEFORMATION: MODEL SENSITIVITY 
ANALYSES 
E.1. NUCLEPORE FILTERS: TUBULAR PORES 
E.1.! Parameters And Evaluations 
E.I.1.1 Model 
P = 2ycos9 1_ cril 
rp 
2 +3cos9 - cos3 9 Equation E.I 
4(;;)3 cos39-(2-3sin9+sin39) 
E.I.l.2 Emulsion feeds and filter size distributions 
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Figure E.l: Emulsion feed and filter pore size distributions for sensitivity 
analyses. Feeds one and two are used for sensitivity of the 
models to feed size only. Feed number three is used for all 
other sensitivity analyses. 
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E.1.2 Sensitivity of model to pore size 
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Figure E.2: Sensitivity of theoretical rejection to pore size for modelling of 
Nuclepore tubular pores with uniform pore sizes (dp) with 
comparisons to experimental results (dots). 
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Figure E.3: Sensitivity of theoretical permeate size to pore size for modelling of 
Nuclepore tubular pores with uniform pore sizes (dp) with 
comparisons to experimental results (dots). 
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E.1.3 Sensitivity of model to interfacial tension 
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Figure E.4: Sensitivity of theoretical rejection to interfacial tension (g) for 
modelling of Nuclepore tubular pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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Figure E.5: Sensitivity of theoretical permeate size to interfacial tension (g) for 
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E.1.4 Sensitivity of model to contact angle 
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Figure E.6: Sensitivity of theoretical rejection to contact angle (q) for modelling 
of Nuclepore tubular pores. e = 10° is represented by a dashed line 
and experimental results by dots. 
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Figure E.7: Sensitivity of theoretical permeate size to contact angle (q) for 
modelling ofNuclepore tubular pores. e = 10° is represented by a 
dashed line and experimental results by dots. 
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E.1.5 Sensitivity of model to capillary constant 
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Figure E.8: Sensitivity of theoretical rejection to capillary constant (k) for 
modelling of Nuclepore tubular pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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modelling of Nuclepore tubular pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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E.1.6 Sensitivity of model to feed emulsion size 
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Figure E.I 0: Sensitivity of theoretical rejection to feed emulsion size for modelling 
ofNuclepore tubular pores. 
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Figure E.II: Sensitivity of theoretical permeate size to feed emulsion size for 
modelling ofNuclepore tubular pores. 
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E.2. CONICAL PORES: NORMAL ORIENTATION 
E.2.1 Parameters and evaluations 
E.2.1.I Model 
cos(9 - p) 
Pen, = 2y 1-
2+3cos9-cosl9 Equation E.2 
rp 4( ~r cosl(9 - P)-(2 - 3sin(9 - p)+sinl(9 - P)) 
E.2.1.2 Emulsion feeds and filter size distributions 
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Figure E.12: Emulsion feed and filter pore size distributions for sensitivity 
analyses. Feeds one and two are used for sensitivity of the 
models to feed size only. Feed number three is used for all 
other sensitivity analyses. 
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E.2.2 Sensitivity of model to pore size 
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Figure E.13: Sensitivity of theoretical rejection to pore size for modelling of 
normally orientated conical pores with uniform pore sizes (dp), full 
pore distribution (dotted line) with comparisons to experimental 
results (dots). 
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Figure E.14: Sensitivity of theoretical permeate size to pore size for modelling of 
normally orientated conical pores with uniform pore sizes (dp), full 
pore distribution (dotted line) with comparisons to experimental 
results (dots). 
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E.2.3 Sensitivity of model to interfacial tension 
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Figure E.15: Sensitivity of theoretical rejection to interfacial tension (g) for 
modelling of normally orientated conical pores. The standard 
condition is represented by a dashed line and experimental results by 
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Figure E.16: Sensitivity of theoretical permeate size to interfacial tension (g) for 
modelling of normally orientated conical pores. The standard 
condition is represented by a dashed line and experimental results by 
dots. 
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E.2.4 Sensitivity of model to contact angle 
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Figure E.17: Sensitivity of theoretical rejection to contact angle (q) for modelling 
of normally orientated conical pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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Figure E.18: Sensitivity of theoretical permeate size to contact angle (q) for 
modelling of normally orientated conical pores. The standard 
condition is represented by a dashed line and experimental results by 
dots. 
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E.2.S Sensitivity of model to cone angle 
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Figure E.19: Sensitivity of theoretical rejection to cone angle (b) for modelling of 
normally orientated conical pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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Figure E.20: Sensitivity of theoretical permeate size to cone angle (b) for modelling 
of normally orientated conical pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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E.2.6 Sensitivity of model to capillary constant 
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Figure E.21: Sensitivity of theoretical rejection to capillary constant (k) for 
modelling of normally orientated conical pores. The standard 
condition is represented by a dashed line and experimental results by 
dots. 
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Figure E.22: Sensitivity of theoretical permeate size to capillary constant (k) for 
modelling of normally orientated conical pores. The standard 
condition is represented by a dashed line and experimental results by 
dots. 
E·12 
E.2.7 Sensitivity of model to feed emulsion size 
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Figure E.23: Sensitivity of theoretical rejection to feed emulsion size for modelling 
of normally orientated conical pores. 
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Figure E.24: Sensitivity of theoretical permeate size to feed emulsion size for 
modelling of normally orientated conical pores. 
E-13 
E.3. CONICAL PORES: REVERSE ORIENTATION 
E.3.1 Parameters and evaluations 
E.3.1.1 Model 
P = 2 (Sine 
en' Y Equation E.3 
rp 
.L:'--,-. -'-'-x + d, 3 + Srp 3 ((d; -d;) .)3(2-3Sin(8- 13)+Sin
3(8- 13)) 3(2+3COS8-COS38) 
I cos (8-13) sin 8 Equation E.4 
E.3.1.2 Emulsion feeds and filter size distributions 
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Figure E.25: Emulsion feed and filter pore size distributions for sensitivity 
analyses. Feeds one and two are used for sensitivity of the 
models to feed size only. Feed number three is used for all 
other sensitivity analyses. 
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E.3.2 Sensitivity of model to pore size 
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Figure E.26: Sensitivity of theoretical rejection to pore size for modelling of reverse 
orientated conical pores with uniform pore sizes (dp), full pore 
distribution (dotted line) with comparisons to experimental results 
(dots). 
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Figure E.27: Sensitivity of theoretical permeate size to pore size for modelling of 
reverse orientated conical pores with uniform pore sizes (dp), full pore 
distribution (dotted line) with comparisons to experimental results 
(dots). 
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E.3.3 Sensitivity of model to interfacial tension 
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Figure E.28: Sensitivity of theoretical rejection to interfacial tension (g) for 
modelling of reverse orientated conical pores. The standard condition 
is represented by a dashed line and experimental results by dots. 
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Figure E.29: Sensitivity of theoretical permeate size to interfacial tension (g) for 
modelling of reverse orientated conical pores. The standard condition 
is represented by a dashed line and experimental results by dots. 
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E.3.4 Sensitivity of model to contact angle 
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Figure E.30: Sensitivity oftheoretical rejection to contact angle (q) for modelling 
of reverse orientated conical pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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Figure E.3I: Sensitivity of theoretical permeate size to contact angle (q) for 
modelling of reverse orientated conical pores. The standard condition 
is represented by a dashed line and experimental results by dots. 
E-17 
E.3.S Sensitivity of model to cone angle 
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Figure E.32: Sensitivity of theoretical rejection to cone angle Cb) for modelling of 
reverse orientated conical pores. The standard condition is represented 
by a dashed line and experimental results by dots. 
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Figure E.33: Sensitivity of theoretical permeate size to cone angle Cb) for modelling 
ofreverse orientated conical pores. The standard condition is 
represented by a dashed line and experimental results by dots. 
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E.3.6 Sensitivity of model to capillary constant 
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Figure E.34: Sensitivity of theoretical rejection to capillary constant (k) for 
modelling ofreverse orientated conical pores. The standard condition 
is represented by a dashed line and experimental results by dots. 
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Figure E.35: Sensitivity of theoretical permeate size to capillary constant (k) for 
modelling of reverse orientated conical pores. The standard condition 
is represented by a dashed line and experimental results by dots. 
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E.3.7 Sensitivity of model to feed emulsion size 
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Figure E.36: Sensitivity of theoretical rejection to feed emulsion size for modelling 
of reverse orientated conical pores. 
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Figure E.37: Sensitivity of theoretical permeate size to feed emulsion size for 
modelling of reverse orientated conical pores. 
E-20 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
